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( i i ) 
ABSTRACT 
Measurements are presented of the s t r u c t u r a l and magnetic p r o p e r t i e s 
of s e v e r a l series of pseudo-binary compounds formed between the 
(heavy) Rare Earth metals, or Y t t r i u m , and the 3d t r a n s i t i o n a l metals, 
i n the Laves phase s t r u c t u r e . This work has been undertaken i n an 
attempt t o o b t a i n a b e t t e r understanding of the nature of the moments 
and co u p l i n g mechanisms i n these compounds, RX^ . 
The magnetic r e s u l t s are discussed on the basis o f a r i g i d band 
model f o r the 3d electrons i n these compounds and t h i s model i s shown 
to provide a u n i f i e d account o f the p r o p e r t i e s o f a l l the RX^ compounds. 
An elementary density of states histogram f o r the 3d band associated 
w i t h the X. component i s presented. 
The C 3^ phase i s found to c o e x i s t w i t h the C 15 t e r m i n a l phase 
a t intermediate compositions i n some of the s e r i e s . For the C 15 
phases the l a t t i c e parameters show a p o s i t i v e d e v i a t i o n from Vegard's 
Lav/ and these r e s u l t s are discussed i n r e l a t i o n t o the magnetic 
p r o p e r t i e s . 
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1.1 
Chapter I INTRODUCTION 
The Rare Earths have "been a v a i l a b l e i n pure form i n q u a n t i t y 
f o r l i t t l e more than a decade but experimental and t h e o r e t i c a l 
i n t e r e s t i n them has been so great t h a t they are now very w e l l 
understood. I t i s one of the many i r o n i e s of physics t h a t these 
m a t e r i a l s should be understood so q u i c k l y w h i l e the t h e o r e t i c a l 
problems of the i r o n group metals have proved i n t r a c t a b l e , even 
though, experimentally, t h e i r basic magnetic p r o p e r t i e s have been 
known f o r so long. I n t e r e s t i s now t u r n i n g away from the pure 
Rare Earth metals t o t h e i r a l l o y s and compounds. I n p a r t i c u l a r 
the i n t e r m e t a l l i c compounds formed between them and the t r a n s i -
t i o n metals may be h e l p f u l i n e l u c i d a t i n g problems associated 
w i t h the parent metals. These oompounds are also l i k e l y t o 
provide a r i c h v a r i e t y of p r o p e r t i e s which may be te c h n o l o g i c -
a l l y u s e f u l . 
The i n t e r m e t a l l i c compounds between the Rare Earths and the 
i r o n group metals have received considerable a t t e n t i o n and 
severa l d i f f i c u l t i e s have been encountered i n accounting f o r 
t h e i r p r o p e r t i e s . Again these have been mostly associated w i t h 
the t r a n s i t i o n metal component. This present work i s aimed a t 
e l u c i d a t i n g some of these problems through the study of some 
pseudo-binary s e r i e s of a l l o y s o f compounds o f the type RXg. 
Here R represents a Rare Earth metal or y t t r i u m , X i s i r o n , 
c o b a l t , or n i c k e l , and the compounds form i n the cubic Laves 
1.2 
phase. Compounds o f t h i s p a r t i c u l a r type were chosen since they 
have received the g r e a t e s t a t t e n t i o n so t h a t there e x i s t s a 
q u a n t i t y o f background experimental i n f o r m a t i o n and the problems 
are f a i r l y v/ell e s tablished. 
2.1 
Chapter I I THEORETICAL BASIS 
T/e r e c a l l t h a t the absolute value o f the t o t a l angular 
momentum f o r an i s o l a t e d atom i s t i £j(J+l)J 2 and the maximum 
measurable component i s t i J i n any d i r e c t i o n . The associated 
t o t a l magnetic moment i s g £j(J+l)] 2 Hg, where g i s the 
spectroscopic s p l i t t i n g f a c t o r o r gyromagnetic r a t i o ( a c t u a l l y 
the inverse of the l a t t e r ) which i n Russel-Saunders cou p l i n g i s 
given by the Lande g f a c t o r g j = 1 + J ^ t 1 ) t ~ ^C^tO 
and u_ i s the Bohr magneton en . I n a paramagnetic m a t e r i a l 
^ 2roc 
i t i s possible t o determine from the s u s c e p t i b i l i t y the 
e f f e c t i v e number of Bohr magnetons p<Sc = g £ j ( J + l ) ^ 2. I n 
a ferromagnet the atomic moments are coupled by an exchange 
i n t e r a c t i o n and when they are a l l a l i g n e d ( a t absolute zero) 
the measured moment may be expressed as the magneton number, 
p , per atom or molecule. For f r e e atoms p i s obviously given 
by p = gJ. 
A p o l y c r y s t a l l i n e specimen o f a ferromagnetic m a t e r i a l , 
i n the absence o f any a p p l i e d magnetic f i e l d consists o f an 
aggregate o f magnetised domains o r i e n t e d a t random. The 
magnetisation <J" „ ™ ( r e f e r r e d t o u n i t mass) w i t h i n the domains 
i s a fundamental property o f the m a t e r i a l r e l a t e d t o the magneton 
number. The magnetisation when there i s no a p p l i e d f i e l d , 
(S* m i s termed the spontaneous magnetisation and the 
spontaneous magnetisation a t the absolute zero, 0" i s 
2.2 
termed the absolute s a t u r a t i o n magnetisation. I t i s evident 
t h a t the magneton number i s r e l a t e d t o the absolute s a t u r a t i o n 
magnetisation through the r e l a t i o n 
P = CT w. 
o . o • A (2 .1 ) 
where i s the e f f e c t i v e atomic o r molecular weight and 
i s Avagadro's Number. 
I I . 1 Molecular F i e l d Theory of Ferromagnetism 
I n general the spontaneous magnetisation w i l l decrease 
when the temperature i s r a i s e d above the absolute zero, as the 
e f f e c t of the exchange coupling i s counteracted by the thermal 
energy, and w i l l become zero a t some d e f i n i t e temperature known 
as the Curie temperature. 
An expression f o r the v a r i a t i o n of spontaneous magnetisation 
w i t h temperature was f i r s t given by Weiss (Ref. 2 .1) who 
developed a phenomological theory i n which the exchange i n t e r -
a c t i o n i s considered as equivalent t o an i n t e r n a l magnetic 
f i e l d . This Molecular F i e l d , Hm, i s taken as p r o p o r t i o n a l t o 
the magnetisation M, so t h a t 
Hm = ^\ m M 
where i s c a l l e d the molecular f i e l d constant. I f we 
assume t h a t a l l the atoms i n the solidhav-e a t o t a l angular 
momentum quantum number J then the atomic moment can have 
2.3 
components nijg(.i^ i n the f i e l d d i r e c t i o n £nij = (J -1 ^ ....-(J-1 ) } . 
- j j . The p o t e n t i a l energy o f t h i s d i p o l e i n the f i e l d i s thus 
nij g Ug Hm and then, according t o s t a t i s t i c a l mechanics the 
average moment i s 
' * 
where 
y = kT KT 
Then we have f o r the magnetisation, 
M = N j l - N g ^ J B ( x ) (Eqn. 2 .2) 
where N i s the number of atoms per u n i t volume, 
x = gJu B\mM/k T (Eqn. 2.3) 
and B_(x) = 2 J + 1 coth 2J +• % x - 1. coth x 
2 J 2 J 23 2J 
which i s c a l l e d the B r i l l o u i n Function. 
Equations (2 .2) and (2 .3) be solved f o r each value o f 
T. I t i s found t h a t there i s a c r i t i c a l temperature above which 
2.X Weiss, P. , J. Phys. 6 667, (1907) 
2.if 
the only s o l u t i o n i s M(T) = 0. This i s t o be i d e n t i f i e d as 
the ferromagnetic Curie temperature, Tc. For temperatures 
below To a p l o t o f M(T)/M q versus T/Tc y i e l d s a u n i v e r s a l curve 
f o r a given value of J j M q i s the s a t u r a t i o n value correspond-
i n g t o T = 0, given by 
I t i s found t h a t t h e B r i l l o u i n curve f o r J = z- represents 
the general shape o f the experimental v a r i a t i o n w e l l but t h a t i t 
i s i n c o r r e c t i n several d e t a i l s . For low temperatures, expansion 
o f the B r i l l o u i m f u n c t i o n y i e l d s ( f o r J = g = 2) M(T)/M Q = 
—2x 
(1. — 2e ) w h i l e the best f i t w i t h the experimental data i s given 
3/ 
by (1 - const T f o r 0<T/Tc < 0 .3 . 
For temperatures above Tc there i s no spontaneous magnetisa-
t i o n , b ut the a p p l i c a t i o n of a magnetic f i e l d H w i l l produce a 
magnetisation given again by eqn.(2.2) but w i t h x = 
g j (H + X™ M)/K T. I f H i s not too l a r g e we may use the 
expression 
M q = Ng i ^ J 
Bj(x) 
3 J 
X 
when we have, 
where 
X H _C_ T-e P (Eqn. 2.4) 
and a 
3k 
2 . 5 
Eqn. ( 2 . if) i s known as the Curie-Weiss law and within the Weiss 
theory 0 p i s i d e n t i c a l with Tc. 
Experimentally i t i s found that, from a few degrees above 
Tc, Vx i s l i n e a r with T so that the data are i n excellent 
agreement with the Curie-Weiss law. Near Tc however the curves 
are concave upards so that Tc l i e s a few degrees below 0 p which 
i s termed the paramagnetic ourie temperature. 
2 . 6 
1 1 . 2 Improvements on the Molecular F i e l d Model 
As was indicated i n the l a s t section the Molecular F i e l d 
approximation i s inaccurate i n several d e t a i l s . I t s f a i l u r e i s 
a res u l t of the effective assumption that the f i e l d at any one ion 
i s influenced equally by a l l others, so that nearest neighbour ions 
have no more effect than those many l a t t i c e spacings distant. At 
low temperatures the few reversed spins w i l l give r i s e to spin 
waves as Bloch f i r s t showed (Ref. 2 . 2 ) . To the f i r s t approximation 
i n t h i s theory, the magnetisation varies with temperature as 
3/ c/ 
M = MQ - A q T' 1 - A<) T' 1 (Ref. 2 . 3 ) . At higher temperatures 
near the Curie point, the few p a r a l l e l spins w i l l give r i s e to 
" c l u s t e r s " (Ref. 2 . 4 ) . This effect r e s u l t s i n a s u s c e p t i b i l i t y 
variation with temperature j u s t above the Curie point which i s 
concave upwards, and a difference between the paramagnetic and 
ferromagnetic Curie temperatures. 
1 1 . 3 Ferrimagnetism 
A Ferrimagnetic material i s one i n which a spontaneous magnetisa-
tion e x i s t s , below a c r i t i c a l temperature, while at the absolute 
zero there i s a nonparallel arrangement of the strongly coupled 
atomic dipoles. This may r e s u l t from an a n t i p a r a l l e l alignment 
2 . 2 F. Bloch, Z. Phys. 61., 2 0 6 , ( 1 9 3 0 ) 
2 . 3 For review see T.G. P h i l l i p s and H.M. Rosenberg, 
Repts. Prog. Phys. 24_, 2 8 5 ( 1 9 6 6 ) 
2 . 4 P.R. Weiss, Phys. Rev. 74_, 1 4 9 3 ( 1 9 4 8 ) 
2 . 7 
of sublattices with di f f e r i n g magnetisations or from a canted 
alignment of sublattices with either equal or non-equal 
magnetisations. The separate sublattices w i l l i n general 
consist of different numbers of different atomic species. We 
s h a l l consider the simplest case of two s u b l a t t i c e s , f i r s t treated 
by Neel (Ref. 2 . 5 ) » i n the molecular f i e l d approximation. 
Denoting the two sublattices by A and B we have for the 
molecular f i e l d s 
H~A A XAR MA + A A & Me 
VLft * \ A & • ^B f t M * 
where a"t l e a s t , must be negative for ferrimagnetism. I t i s 
common to relate the molecular f i e l d constants by the equations. 
X AA = OL X AB a n d X BB• = \ AB 
As i n the ferromagnetic case the sublattice magnetisations are 
given by 
M A(T) = M A ( 0 ) Bj ( x A ) and Mfi(T) = 1 ^ ( 0 ) B ^ x ^ 
where M A ( 0 ) = g ^ J A , 
and x A = J A g AH B ^ A 
kT 
2 . 5 L. Neel, Ann. phys. ( P a r i s ) 3_, 1 3 7 , ( 1 9 4 8 ) 
2 . 8 
and s i m i l a r l y f or ltg(0) and 
I f we assume that the sublattices are aligned a n t i p a r a l l e l 
then the resultant spontaneous magnetisation i s given by 
M(T) = | MA (T) - Mfi(T) | 
Clear l y the variation of M with T depends on the actual values 
of M A(0)/M B(0), <X and J3 , and may be conveniently discussed 
either as a function of <X and j3 with H A(0)/M B(0) kept constant, 
or the converse. Fig. 2 . 1 shows how unusually shaped M versus T 
curves may be formed; i n (a) 0^  > J3 and i n (b) |5 > <X . For 
the l a t t e r case the spontaneous magnetisation undergoes a 
reversal i n direction and the temperature at which t h i s occurs i s 
c a l l e d the compensation point. T^ .. Since i n practice the 
11 saturation" magnetisation i s measured (see section IV.If) the 
measured curve would follow the dashed l i n e shown. 
Various M vs. T curves that may occur when and are 
fixed but MA(0)/M_.(0) i s varied are shown i n Fig. 2 . 1 ( c ) . The 
curves ( 3 ) and ( 5 ) are s i m i l a r to those shown i n Fig. 2 . 2 (a) 
and (b) respectively; curve ( 4 ) i s the l i m i t i n g case between 
these v/here M.(0) = 14^(0); curve (2) i s the l i m i t i n g case 
A o 
between the " normal" type curve 1 (or 7 ) and the curve ( 3 ) and 
corresponds (Ref. 2 . 6 ) to the composition M.(0)/lvi ( 0 ) = 
A a 
^ A B + ^ A A ) / ^ B + ^BBj where = ; curve ( 6 ) 
separates the " normal" curves from those with a compensation 
2.8a. 
FIGURE 2.1 F e r r i m a g n e t i c M a g n e t i s a t i o n / T e m p e r a t u r e C u r v e s . 
point and here M A(0)/M B(0) »(Afla-AAft)/(\Ag - A H ) which i s the 
condition dVdT -> 0 as T -+ Tc. 
I t was assumed i n the foregoing discussion that the sub-
l a t t i c e s were a n t i p a r a l l e l which means e f f e c t i v e l y k ^ i s 
negative and | k ^ ^ \ \ J J \ J or that \ M j ft BB 
are positive (ferromagnetic). In the usual ferrimagnetic 
insulators the molecular f i e l d constants have t h e i r origin i n an 
in d i r e c t exchange interaction of the magnetic ions v i a i n t e r -
mediate non-magnetic ions and since t h i s interaction i s always 
antiferromagnetic ( X -ve) the above condition may not always 
hold. Under the conditions X ,_, ~ \ A T>T> 
AB AA, , X BB the spin 
configuration w i l l be non-colinear. One possible spin 
configuration i s the triangular arrangement where one sublattice 
s p l i t s into two further sublattices which align at an angle to 
each other and the second l a t t i c e . I n general the sublattice 
magnetisations are different and vary with temperature so that 
transitions may occur i n the spin configuration. These conditions 
have been treated by Lotgering (Ref. 2 . 7 ) . Further complications 
are obviously possible involving more than three sublattices i n 
2 . 6 See, for example. A.H, Morrish, 11 The Physical Principles 
of Magnetism", Y/iley, ( 1 9 5 6 ) Chapter 9 . 
2 . 7 F. K. Lotgering, P h i l l i p s Res. Rept. "ISO ( 1 9 5 6 ) 
2 . 1 0 
canted arrangements. 
I n metallic f erjiimagnetics, such as are investigated i n 
this report, the s i t u a t i o n i s different since the exchange i n t e r -
actions are not the same as i n the insulating case and are not 
necessarily antiferromagnetic. Where ferromagnetic interactions 
occur within a sublattice, the spin configuration w i l l tend 
towards the simple a n t i p a r a l l e l arrangement. However, since the 
interactions within and between sublattices may be different, 
the c r i t i c a l temperatures (Curie points) for individual sub-
l a t t i c e s and for the coupling between them w i l l not necessarily 
be the same and more complicated magnetisation - temperature 
curves may r e s u l t . There i s no molecular f i e l d treatment of this 
case i n the l i t e r a t u r e . 
The molecular f i e l d theory of ferrimagnetism as outlined 
above i s subject to the same objections as the ferromagnetic 
case (Section I I . 2 ) and the various improvements outlined there 
have been applied also to the present si t u a t i o n (see, e.g. 
Ref. 2 . 6 ) . Since i n this case the sublattice magnetisations are 
not required to follow the B r i l l o u i n functions, yet further 
complications are introduced into the resultant magnetisation. 
I I . k. Exchange Interactions 
The origin of the Weiss molecular f i e l d was obscure u n t i l 
the advent of quantum mechanics when Heisenberg showed ( 1 9 2 8 ) 
2.11 
that i t resulted from the exchange interaction. Consider, for 
example, two atoms (a and b) and two electrons (1 and 2) then the 
interaction potential i s of the form 
„ 2 2 2 2 V = <£_ + e - e - e 
r v v i* ab 12 1b 2a 
and there are additional energies of the system i n the operator 
form B - U 1 2 " * ^ 1 2 " 2 ^ 1 2 *1 ' *2 
where and are the electron spins (see, for example Ref. 2.6 
Ch. 6). Here IX 1 2 * s o a H e d t n e Coulomb correlation energy and 
J^2» * n e exchange integral and they are given by 
and 
I f we consider only the spin dependent part of the operator 
we have the Hamiltonian $"t ~ - 2, ^  6;. 6 j and when t h i s i s 
generalised to the entire c r y s t a l we have the Heisenberg 
Hamiltonian i\ - - C A TT- J L - J i where S i i s the t o t a l 
spin of atom i . 
Three types of exchange are usually distinguished i n the 
2 . 1 2 
metallic state; d i r e c t exchange, i t i n e r a n t exchange, and i n d i r e c t 
exchange. These have been reviewed at considerable length i n the 
"Magnetism" ser i e s (Refs. 2 . 8 , 2 . 9 and 2 . 1 0 respectively). 
Direct exchange i s the coupling of spins of atoms which are well 
enough separated to have almost free olootron c h a r a c t e r i s t i c s . 
The Heisenberg theory i s based on concepts which have a c l e a r 
meaning only i n t h i s l i m i t i n g case. I t has long been re a l i z e d 
however that the d electrons i n tr a n s i t i o n metals are l i k e l y to 
form a r e l a t i v e l y wide energy band and hence that exchange 
couplings between i t i n e r a n t electrons are important. This subject 
w i l l be treated i n section I I . 5 . In these f i r s t two mechanisms i t 
i s the d-d coupling which i s of prime importance and the effect of 
the conduction electrons i s considered as a secondary effect. I n 
the t h i r d type of exchange however the s-d (or f ) interaction i s 
considered e x p l i c i t l y ; i . e . i n d i r e c t exchange i s the coupling of 
inner s h e l l s v i a t h e i r interaction with the conduction electrons. 
This mechanism i s most c l e a r l y applicable to the Rare Earth metals 
2 . 8 Herring, C., i n "Magnetism", ed. Rado and Suhl, 
Academic Press, Ch. a Vol. l i b ( 1 9 6 6 ) 
2 . 9 Herring, C., i b i d , Vol. IV ( 1 9 6 6 ) 
2 . 1 0 Kasuya, T. , i b i d , Vol. l i b Ch. 3 
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and w i l l be considered i n section I I . 6 . 
I I . 5 I t i n e r a n t Electron Model 
The correct description of the moments i n the t r a n s i t i o n a l 
metals i s probably the greatest problem i n theoretical magnetism. 
As i s often the case i n physics, two opposite extreme models have 
been extensively developed and there i s s t i l l considerable 
uncertainty over which i s more nearly correct. The problem of 
it i n e r a n t versus l o c a l i s e d - spin models has been reviewed by 
Herring (Ref. 2 . 9 Chapter 6 ) and we w i l l c i t e j u s t a few instances. 
The i t i n e r a n t model i s favoured by the f r a c t i o n a l saturation 
moments i n the ferromagnetic state, by the electronic s p e c i f i c 
heat and by band calculations and fenni surface measurements. 
The l o c a l i s e d model however appears to be more appropriate for 
the description, of neutron scattering form factors, the magnetic 
entropy and the behaviour of dil u t e a l l o y s . I t appears that the 
true nature of these moments must l i e intermediate between these 
two extreme models and a recent approach which l i e s between them 
i s outlined l a t e r i n th i s section. F i r s t l y some of the important 
aspects of the i t i n e r a n t model which seem l i k e l y to be retained 
by future models w i l l be outlined. 
I I . 5 . a Origin of Ferromagnetism 
The origin of the coupling i n t r a n s i t i o n metals i s a t the 
heart of the various models. The main problem i s the uncertainty 
2.14 
of the magnitude of the correlation energy U, defined i n section 
II.4« In the atomic case this energy i s considerably larger than 
the intra-atomic exchange energy but, as discussed i n the reviews 
(Ref. 2.9), (Ref. 2.11) and (Ref. 2.12) i t i s reduced, i n the 
metallic state, due to screening by the S conduction electrons. 
Some authors assume that i t i s not large enough to prevent two 
c a r r i e r s (electrons, holes) from coming onto the same atom so that 
the origin of ferromagnetism i s the intra-atomic exchange coupling 
responsible for Hund's rule. The opposite point of view ( i . e . 
strong correlation) has also been taken and here the origin of 
ferromagnetism i s the strong repulsive energy between electrons 
with a n t i - p a r a l l e l spins. 
Other possible coupling mechanisms are the inter-atomic 
exchange ( d i r e c t exchange) and the s-d exchange to be dealt with 
i n Section I I . 6 . I t i s shown i n Ref. 2.9 that the former i s about 
two orders of magnitude too low to account f o r the Curie points 
but that the l a t t e r , while also too low to account alone for the 
ferromagnetism, may be an important addition to other mechanisms. 
The condition for ferromagnetism i n the band model (Ref.2.13) 
i s derived as follows. \7e s t a r t with equally populated half bands 
2.11 Mott, N.F., Advanc. Phys. 13_, 325, (19^4) 
2.12 " Theory of Magnetism i n Transition Metals" Enrico Fermi 
Course No. 37, Academic Press (New York) 1967 
2.1.5 
with + and - spins (Fig. 2 . 3(a)). I f c electrons/atom 
( i n f i n i t e s i m a l ) are transferred from the - to + spin direction, 
then energy e 6 E/atom i s required, where 2 &E i s now the energy 
difference between the two Fermi l e v e l s . (Fig. 2.3 ( b ) ) . Now 
the exchange and correlation energies are proportional to the 
' / / 
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/ 
/ 
, / 
/ / / 
'" " ™ ™ ™ " 
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(a) (b) 
Fig. 2.3 
number of pairs of electrons i n each h a l f band. Thus for p 
electrons/atom the change i n energy/atom from the paramagnetic 
to ferromagnetic state i s 
where W i s an exchange energy per p a i r of electrons ( i . e . the 
energy required to replace a p a r a l l e l p a i r of electrons with an 
a n t i - p a r a l l e l p a i r ) . Thus the ferromagnetic state i s stable with 
respect to the pure Pauli paramagnetic one for 2e W > c 4'B 
2.13 (a) Stoner, E.C., Repts. Frogr. Phys. U, 43 (1947) 
(b) Wohlforth, E.P. , Proc. Roy. Soc. ^21, 434 (1949) 
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and t h i s reduces to 
2 W N{E^) > 1 (Eqn. 2.5) 
where N(E_) = e/6'E i s the density of states a t the Fermi l e v e l . 
The exchange energy W should r e a l l y depend on the wave vectors 
of each p a i r of electrons hut obviously i n th i s analysis some sort 
of average over the different values must be understood. 
Equation 2.5 i s known as the Stoner condition (Ref. 2.13). 
The Stoner model has been very widely used i n attempts to corre-
l a t e diverse properties, such as moments, temperature behaviour 
and electronic s p e c i f i c heat, of i t i n e r a n t electrons i n t r a n s i t i o n 
metals. The model includes many simplifying assumptions but these 
allow the statistical-mechanical calculations to be made. A 
comprehensive l i s t of references i s given i n Ref. 2.9 Chapter I I . 
When condition (2.5) i s f u l f i l l e d , one hal f of the d-band 
should f i l l a t the expense of the other u n t i l the gain i n exchange 
energy i n th i s process i s limited by the loss i n k i n e t i c energy. 
This i s obtained when the energy difference AE between the two 
Fermi l e v e l s (often c a l l e d the exchange s p l i t t i n g ) i s equal to 
the oatohango energyinW where n i s the number of electrons moved. 
i . e . I n W = AE (Eqn. 2.6) 
This condition can be rewritten as: 
W = 1 / N(E) (Eqn. 2.7) 
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1 
where N^E) = n/AE s AE 
2 
N(E) dE i s the 
average density of states between two Fermi l e v e l s at E. and E, 
Two points need to be emphasised about the preceeding analysis. 
F i r s t l y the whole of the foregoing applies at 0° K and secondly we 
have spoken as though the Fermi l e v e l s were moved within a fixed 
band. In f a c t , of course, there i s only one Fermi l e v e l and the 
sub-bands themselves are s p l i t by the exchange interaction. I t 
i s however conceptually easier to consider the bands as fixed and 
the Fermi l e v e l s moving. 
I I . 5 (b) Alloys; Rigid Band Model 
I n an a l l o y we have to consider the effect of a l o c a l i s e d 
perturbation V introduced by the impurity atom. Many of the 
important r e s u l t s about the scattering by V are due to F r i e d e l 
and his collaborators (for review see Ref. 2.12). F i r s t l y the 
t o t a l screening charge provided by the electron gas i s simply 
related to the sum of the phase s h i f t s of the scattered wave 
functions. Secondly a large f r a c t i o n of the screening charge 
i s contained within the impurity c e l l but there are also long 
range o s c i l l a t i o n s of the screening charge. Thirdly, and most 
important for the present concern, the e f f e c t on the density of 
( i . e . AE = E 1 - E 2 ) . 
2.1B 
states i s simple. 
To f i r s t order i n V i t i s found (Ref. 2.12) that the density 
of states may be written approximately as N'(E) = N ( E - cV) where 
c i s the concentration and V i s an average V. Thus the density 
of states curve i s shifted r i g i d l y i n energy, without change i n 
form, by the amount cV. Again we s h a l l f i n d i t easier to think 
of the Fermi l e v e l s moving rather than the band. 
This i s obviously the c l a s s i c a l " Rigid Band Model" which has 
been used for many years (Ref. 2.14) as an ad hoc concept for the 
discussion of alloy properties. The use of the model for al l o y s 
of t r a n s i t i o n metals among themselves and with non-transition 
elements has been extensively reviewed (Ref. 2.11). 
The model i s a good approximation for small perturbations, 
i . e . for the case of neighbouring elements i n the periodic table, 
but breaks down (Ref. 2.12) for strong perturbations V ( i . e . 
widely d i f f e r i n g elements) and i n regions where the density of 
states of the matrix i s ah&rmally large. Where V i s strong enough 
bound states w i l l occur which w i l l be on the high or low energy 
side depending on whether V i s repulsive or a t t r a c t i v e . For 
s u f f i c i e n t l y large repulsive V the bound states may be forced 
2.14 Mott. N.F., and Jones, H., " Theory of the Properties 
of Metals and A l l o y s " Oxford University Press, 1936. 
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above the Fermi l e v e l so that states are removed from the band 
and thus, for materials where the magnetisation i s saturated 
( i . e . spin-up band f u l l ) , there should be a sudden lowering of 
magnetic moment. This i s exactly what i s observed i n Ni and Co 
base al l o y s with elements to the l e f t of Fe which show deviations 
from the S l a t e r - Pauling curve (Ref. 2.11). These bound states 
are not discrete l e v e l s but are broadened by resonance with the 
conduction band and are c a l l e d " v i r t u a l bound l e v e l s ". 
I I . 5 . ( o ) Localisation i n the Band Model 
As was stated e a r l i e r the l o c a l i s e d and band models are two 
extremes which both seem appropriate i n different circumstances. 
Recently models have been suggested which combine the important 
features of both these extremes. 
The f i r s t insight was given by F r i e d e l e t . a l . (Ref. 2.15) 
who c r i t i c i s e d the usual band model outlined above on the grounds 
that i t argues only i n terms of energy, assuming a l l atoms behave 
i n the same way: To extend the model therefore i t i s necessary 
to include a reasoning i n space. They showed i n a qualitative 
way that l o c a l i s e d magnetic moments are not incompatible with the 
band approximation and that such moments can occur by a l o c a l 
p i l i n g up of electronic charge with one spin, compensated 
2.15 F r i e d e l , J . , Leman , &. , and Olszewski, S., 
J. Appl. Phys. 3J., 325(s), (1961) 
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e l e c t r o s t a t i c a l l y by an equal l o c a l r e p u l s i o n of electrons w i t h 
opposite spin. They derived a c o n d i t i o n f o r the existence of 
these moments which i s i d e n t i c a l w i t h the previous c o n d i t i o n f o r 
ferromagnetism (Eqn. 2.5) and showed t h a t the minimum size of the 
c e n t r a l p o l a r i s a t i o n i s of the order of the i n t e r a t o m i c distance 
and t h a t t h i s i s surrounded by " f r i n g e s '* of s p i n p o l a r i s a t i o n of 
a l t e r n a t i n g sign ^ c . f . Section I I . 5 (h)^j . The a c t u a l s i z e of 
the c e n t r a l region and wavelength o f the f r i n g e s was shown t o 
depend on the average wave ve c t o r a t the Fermi surface. I t was 
f u r t h e r suggested t h a t the overlap o f these p o l a r i s a t i o n s on 
neighbouring s i t e s would r e s u l t i n a coupling which could be 
e i t h e r f e r r o - o r a n t i f e r r o m a g n e t i c depending on the e x t e n t of the 
overlap. 
This approach has been extended so t h a t i t now represents a 
r e a l l y u s e f u l model f o r t r a n s i t i o n metals and i t w i l l undoubtedly 
undergo f u r t h e r refinement. 
A q u a n t i t a t i v e theory of the one spin problem was f i r s t 
worked out by Anderson (Ref. 2.16) and the model has become Enown 
by t h a t author's name. I t was f i r s t presented i n connection w i t h 
2.16 Anderson, P.W. , Phys. Rev., 124. 41, (19^1) 
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the problem of d i l u t e a l l o y s but has been extended t o pure metals 
and the N-spin case has r e c e n t l y been presented by L i u (Ref. 2.17), 
t r e a t i n g a ferromagnetic metal as a l a t t i c e of overlapping 
Anderson-type l o c a l i s e d moments. 
The basic idea of the Anderson model i s t h a t the d states 
i n t r a n s i t i o n metals a c t l i k e s c a t t e r i n g resonances of the 
conduction electrons. We consider a s i n g l e atom w i t h incomplete 
d s h e l l i n an environment o f Bloch electrons generated by a broad 
conduction band, and assume t h a t the energy, E, of the ( l o c a l i s e d ) 
s t a t e i s w i t h i n the energy range of t h i s band. I n the Hartree-
Pock approximation the true Hamiltonian w i l l c o ntain an i n t e r -
a c t i o n term of the d s t a t e w i t h the plane-wave s states 
( h y b r i d i s a t i o n ) . As a r e s u l t of t h i s the energy of the s t a t e of 
spin c i s E _ = E + \ J L < n > and the l o c a l i s e d s t a t e i s <y -cr 
broadened over a range 2A. This i s r e f e r r e d t o as a " v i r t u a l * 1 
bound s t a t e . Depending on the values of E,\i,and A the two d i f f e r -
ent s p i n states may have the same or d i f f e r e n t occupations, i . e . 
the s t a t e f o r one sp i n d i r e c t i o n may be above the Fermi l e v e l due 
t o the e f f e c t of H . 
I n the N-spin case the metal i s considered as a l a t t i c e o f 
overlapping Anderson-type moments. This can obviously give r i s e 
t o a coupling and L i u (Ref. 2.17) has shown t h a t the r e l e v a n t 
2.17 L i u , S.H., Phys. Rev. 163, 472, (19&7) 
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p r o p e r t i e s of the band model ( f r a c t i o n a l moments, c o n d i t i o n s f o r 
ferromagnetism e t c . ) are contained w i t h i n the p r o p e r t i e s of the 
band w i d t h A together w i t h the r e l e v a n t p r o p e r t i e s associated 
v/ith the Heisenberg model (magnetic entropy, neutron d i f f r a c t i o n 
e t c . ) . A d d i t i o n a l l y the coupling may be e i t h e r f e r r o - o r 
a n t i f e r r o m a g n e t i c . 
I I . 6 Rare Earth Metals and the s - f Exchange I n t e r a c t i o n 
The Rare Earth elements, those between Lanthanum (Atomic 
Number 57) and Lutetium (71) are cha r a c t e r i s e d by an incomplete 
4 f s h e l l , t i g h t l y bound and l o c a l i s e d i n space, surrounded by 
f i l l e d 5s and 5p s h e l l s , and, u s u a l l y , three valence electrons 
1 2 
i n 54 and 6s . They have, consequently, very s i m i l a r chemical 
p r o p e r t i e s since these depend p r i m a r i l y on the outer s h e l l s . 
The magnetic p r o p e r t i e s however,which derive almost e n t i r e l y 
from the incomplete 4 f s h e l l , v a r y considerably. The elements Sc 
(21) and Y (39) are o f t e n included w i t h the Rare Earths as they 
2 6 1 2 
have very s i m i l a r outer c o n f i g u r a t i o n s i. e. 3s 3p 3d. 4s and 
2 6 1 2 
4s 4p IjcL 5s r e s p e c t i v e l y . Neither, however, has an incomplete 
inner s h e l l and, t h e r e f o r e , n e i t h e r has a permanent magnetic moment. 
As already s t a t e d the 4 f s h e l l i s very t i g h t l y bound and neutron 
d i f f r a c t i o n r e s u l t s i n d i c a t e t h a t i t s radius i s about one t e n t h 
of the i n t e r a t o m i c distance. I n a d d i t i o n , recent band c a l c u l a -
t i o n s (Ref. 2 .18) show t h a t the 4 f l e v e l i s very sharp (about 
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0.05 eV) and l i e s a long way below the conduction band (about 
11 eV). Thus i t would seem reasonable t o consider the metals 
as c o n s i s t i n g of t r i - p o s i t i v e ions immersed i n a sea o f conduction 
electrons. This view i s supported by measurements o f the high 
temperature s u s c e p t i b i l i t i e s which f o l l o w the Curie-Y/eiss law and 
have e f f e c t i v e moments very close t o the f r e e 3+ i o n values. To 
c a l c u l a t e the p r o p e r t i e s of the Rare Earth metals then, we can f i r s t 
consider an i s o l a t e d i o n and then introduce the a d d i t i o n a l e f f e c t s 
due t o the m e t a l l i c environment. 
I I . 6 (a) Rare Earth Metals 
The energy l e v e l s are c a l c u l a t e d i n the usual Hartree - Fock 
approximation. The most important c o n t r i b u t i o n i s due t o the c e n t r a l 
p o t e n t i a l which gives the 2 f f n c o n f i g u r a t i o n . The f - f coulomb 
i n t e r a c t i o n i s then introduced and p a r t i a l l y removes the degeneracy 
of the c o n f i g u r a t i o n and the r e s u l t i n g terms are s p e c i f i e d by the 
t o t a l moments L and S. The term w i t h lowest energy i s given by 
Hund's Rules ( i . e . maximum S and maximum L c o n s i s t e n t w i t h t h a t ) . 
I n p r a c t i c e t h i s i s the only term we need t o consider. The s p i n -
o r b i t coupling l i f t s the term degeneracy and the r e s u l t i n g m u l t i p l e t s 
arc s p e c i f i e d by the t o t a l angular momentum J. For a l l the Rare 
Earths except Sm^+ and Eu^ + the spin o r b i t coupling i s so la r g e t h a t 
2.18 Dimmock, J. 0 ., Freeman, A.J., and Watson, R.E., Proc. I n t . 
Conf. on O p t i c a l Properties of Metals, ed. F. Abeles (Amsterdam 
1966) p. 237 
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^ kT, where E ^ i s t h e m u l t i p l e t separation. I t i s 
th e r e f o r e only necessary t o consider the ground s t a t e J value 
( J .- L± S), and i n c a l c u l a t i n g the s u s c e p t i b i l i t y we consider only 
the 2J + 1 l e v e l s ( s p e c i f i e d by Mj) a r i s i n g from the ground s t a t e 
m u l t i p l e t ( c . f . Equation 2 . 4 ) 
ion 
I n a c r y s t a l each Rare Earth^is surrounded by other ions on a 
reg u l a r l a t t i c e and t h i s gives r i s e t o an e l e c t r i c f i e l d ( c a l l e d the 
c r y s t a l f i e l d ) of the appropriate symmetry on the i o n . The e f f e c t 
o f the c r y s t a l f i e l d i s t o p a r t i a l l y remove the (2J + 1) - f o l d 
degeneracy of each J l e v e l of the f r e e i o n so t h a t new l e v e l s occur. 
f i e l d * 
For the Rare Earth metals, however, t h i s c r y s t a l / s p l i t t i n g E kT 
as i s evidenced by the success o f the i o n i c model i n accounting f o r 
the s u s c e p t i b i l i t i e s . The s u s c e p t i b i l i t y i s the main e f f e c t depend-
i n g only on the i s o l a t e d i o n and a l l other p r o p e r t i e s (magnetic c o u p l i n g , 
e l e c t r i c a l r e s i s t i v i t y ) are concerned w i t h the i n t e r a c t i o n s o f the 
ions w i t h themselves and the conduction electrons. 
The main i n t e r a c t i o n responsible f o r magnetic coupling i n the 
Rare Earth metals i s the i n d i r e c t i n t e r a c t i o n v i a conduction electrons 
o r i g i n a l l y proposed f o r the 3d metals by Zener, though i n an i n c o r r e c t 
form (see the review Ref. 2 . 1 0 ) . A d d i t i o n a l reviews are (Ref. 2 .19) 
and (Ref. 2 . 2 0 ) . The i n t e r a c t i o n between the i o n spin S and the 
conduction e l e c t r o n s p i n e i s u s u a l l y taken t o be o f the s c a l a r form: 
2.19 de &ennes, P.G., J. Phys. Rad. 23_, 510, (19^2) 
2.20 E l l i o t , R.J., i n " Magnetism" Vol. H a Chapter 7 
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n . - -rs.« (Eqn. 2 .8 ) Si. 
The conduction electrons are sc a t t e r e d under the i n f l u e n c e o f 
t h i s i n t e r a c t i o n and s t r i c t l y .T should depend on the i n i t i a l 
and f i n a l k sta t e s . The e f f e c t of exchange o f t h i s type was f i r s t 
examined by Rudermann and K i t t e l (Ref. 2 .21) f o r the coupling o f 
n u c l e i , by Yosida (Ref. 2 .22) f o r Cu - Mn a l l o y s and by Kasuya 
(Ref 2 .23) f o r Gd, and i s c a l l e d , i n consequence, the R-K-K-Y 
i n t e r a c t i o n . 
The usual approximation i s t o t r e a t the i o n i c p o t e n t i a l as 
a d e l t a f u n c t i o n and the conduction electrons as f r e e . Then the 
p o l a r i s a t i o n P R(R) of ^ n e conduction e l e c t r o n s i n the neighbourhood 
of the i o n (n) through the i n t e r a c t i o n (Equation 2 .8 ) i s given 
(Ref. 2 .19) t y 
P n ( R ) = 22Ll 2 JL. S n . F(2Kp£) 
4 Vo 2 Ey 
where 
F ( x ) = ( x cos x - s i n x) 
x2-
2.21 Rudermann, M.A., and K i t t e l , C., Phys.Rev. ^ 6 , 99, (1954) 
2.22 Yosida, K. , Phys.Rev. 106, 893, (1957) 
2.23 Kasuya, T. , Progr. Theoret. Phys. (Kyoto) 1,6, 45 , (195^) 
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z i s the number of conduction electrons/atom, V Q the atomic volume 
and R i s the distance from the i o n . The f u n c t i o n F ( x ) , and hence 
the p o l a r i s a t i o n , i s long range and o s c i l l a t o r y . This p o l a r i s a t i o n 
acts on a second i o n w i t h s p i n a t p o s i t i o n Rm as — £"* S n . l^(Rm) 
and t h i s equivalent t o a coupling J"V = - I S ,S 
n,m n,m n m 
where I = 9/r / Z.\2 (IT) 2 _ . . _ v 
Thus the i n d i r e c t i n t e r a c t i o n i s long range and o s c i l l a t o r y , a 
p r o p e r t y which derives from the s i n g u l a r i t y i n K .at Kj,. 
The p r i n c i p l e problem i n applying t h i s R-K-K-Y i n t e r a c t i o n t o 
the Rare Earth metals i s t o c o r r e c t l y i n c l u d e the e f f e c t o f the 
s p i n — o r b i t coupling on the spins Sn, Sm. de Gennes has shown 
t h a t f o r E^g ^  kT i t i s necessary only t o make the s u b s t i t u t i o n 
S i = ( g j - 1) J^. The model accounts w e l l f o r many of the 
p r o p e r t i e s o f the Rare Earth metals (Refs. 2.10, 19 and 20) w i t h 
approximately constant values o f f , Kp and ^ ' *'(2Kp Rm). 
m^n 
A d d i t i o n a l l y many a l l o y p r o p e r t i e s also vary w i t h the de Gennes 
f u n c t i o n ( g - 1 ) J ( J + 1 ) which occurs i n the formulae f o r 
d i f f e r e n t p r o p e r t i e s (e.g. paramagnetic Curie temperature). 
Recent band c a l c u l a t i o n s and Fermi surface determinations f o r 
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the R. E. metals (Ref. 2 .24) shew, however, t h a t these are very-
f a r from being f r e e - e l e c t r o n l i k e but have mixed s-d character 
s t r o n g l y resembling the t r a n s i t i o n metals. I n view of t h i s i t i s 
very s u r p r i s i n g t h a t the R-K-K-Y model has such success i n accounting 
f o r the p h y s i c a l p r o p e r t i e s . Much of t h i s must be taken as 
f o r t u i t o u s . There have been very many attempts a t improving the 
model from t h i s p o i n t o f view, however, though these a l l leave the 
e s s e n t i a l features o f the model i n t a c t . Perhaps the most fundamental 
improvement i s the g e n e r a l i s a t i o n (Ref. 2 .25) of the i n t e r a c t i o n f o r a 
nonspherical Fermi surface. I n general the i n t e r a c t i o n i s found t o 
f a l l o f f as and t o o s c i l l a t e w i t h a p e r i o d corresponding t o a 
c a l i p e r i n g o f the Fermi surface i n the R d i r e c t i o n . Obviously the 
R-K-K-Y i n t e r a c t i o n i s a f a i r approximation i f an average Kp i s 
taken and i t c o n s t i t u t e s a very u s e f u l s t a r t i n g p o i n t f o r the 
2.24 Freeman, A.J., Dimmock, J. 0. , and Watson, R. E., Phys. Rev. 
L e t t r . l 6 , 94 (1966) 
Loucks, T.L., Phys. Rev. 144, 504 (1966) 
Keeton, S.C., and Loucks, T.L., i b i d 168, 672 (1968) 
W i l l i a m s , R. Y f . , and Mackintosh, A.R. i b i d 168, 679 (1968) 
2.25 Roth, L. M., Zeiger, H.J., and Kanlan, T.A. , Phys. Rev. 
149. 519'(1966) 
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discussion of very many p r o p e r t i e s of R.E. metals, a l l o y s and 
compounds. 
1 1 . 6(b) O r i g i n o f the s-f i n t e r a c t i o n 
Y f e have so f a r described the s-f i n t e r a c t i o n using the 
phenonological pseudo-potential (Equation 2 . 8 ) w i t h o u t mention o f 
the o r i g i n of -C . There i s considerable u n c e r t a i n t y experimentally 
over the s i z e and even s i g n o f the i n t e r a c t i o n and t h i s w i l l now be 
shown t o r e s u l t from d i f f e r e n t c o n t r i b u t i o n s t o JC . The most obvious 
c o n t r i b u t i o n i s t h a t due t o the exchange i n t e g r a l tJ^ i n t ( c . f . 
Section 11. k) between the 4 f s h e l l and the conduction e l e c t r o n s . ^ i n t 
must i n e v i t a b l y be p o s i t i v e and so produce p o s i t i v e conduction e l e c t r o n 
p o l a r i s a t i o n . The second c o n t r i b u t i o n i s termed i n t e r b a n d mixing 
between the conduction e l e c t r o n and local-moment e l e c t r o n o r b i t a l s 
(Ref. 2 . 2 6 ) . This i s j u s t the mechanism o f the Anderson model 
(Section 1 1 . 5(c) and gives a negative p o l a r i s a t i o n of the conduction 
electrons as f o l l o w s . As befo r e , h y b r i d i s a t i o n o f the 4 f and conduc-
t i o n e l e c t r o n states occurs, and, as a r e s u l t , unoccupied conduction 
band s t a t e s above the Fermi l e v e l w i t h s p i n t have t h e i r energy 
r a i s e d while the 4 f T l e v e l i s lowered. This i s termed an " emission" 
process since an occupied Lf l e v e l has conduction-electron character 
p a r t of the time. There i s also an " a b s o r p t i o n " process i n v o l v i n g 
the 4 f ^ v i r t u a l l e v e l (above the Fermi l e v e l ) and an occupied if 
2.2o Watson, K. E., Koide, S. , Peter, M., and Freeman, A.J., 
Phys. Rev. 13J£. ( A ) , 167 (1965) 
conduction-electron. The e f f e c t of these processes i s t o increase 
the t conduction-electron energies and reduce the 4r r e s u l t i n g i n 
a negative p o l a r i s a t i o n . This interband mixing i s very s e n s i t i v e 
(Ref. 2 .26) t o the conduction e l e c t r o n character so t h a t the 
magnitude of the e f f e c t i v e parameter J O , being the sum of t h i s 
and \ f i n t , depends on the exact band s t r u c t u r e . I t may a l s o 
vary w i t h conduction-electron K d i r e c t i o n so t h a t a n i s o t r o p i c s 
r e s u l t i n the R-K-K-Y i n t e r a c t i o n s . 
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Chapter I I I Background on M a t e r i a l s 
I I I . 1. Rare Earth A l l o y s and Compounds 
The Rare Earth metals are p r o l i f i c i n t h e i r a b i l i t y t o form 
a l l o y s and compounds, many o f which have magnetic p r o p e r t i e s o f 
considerable i n t r i n s i c importance and t e c h n o l o g i c a l p o t e n t i a l b oth 
e x p l o i t e d and l a t e n t . 
Some o f the best known Rare Earth compounds are the garnets, 
Fe,. » a n d "the " s u b s t i t u t e d " garnets where another element 
(e.g. A l ) i s s u b s t i t u t e d f o r p a r t o f the Fe. These m a t e r i a l s are 
of extreme t e c h n o l o g i c a l importance as they are f e r r i m a g n e t i c 
i n s u l a t o r s and also can be produced as n e a r l y p e r f e c t s i n g l e c r y s t a l s 
many o f which are transparent. The o r t h o f e r r i t e s , R Fe 0^, s i m i l a r l y 
are important m a t e r i a l s . Of more recent i n t e r e s t are the compounds 
w i t h the G-roup V elements (P, As, 8b , B i ) and G-roup V I (S, Se) of 
s t o i c h i o m e t r y 1:1 and 4 :3 . Many o f these compounds are magn e t i c a l l y 
ordered and semi-conducting and, as such, are r e c e i v i n g i n c r e a s i n g 
a t t e n t i o n . 
The heavy Rare Earths r e a d i l y form s o l i d s o l u t i o n s among them-
selves and w i t h Y and Sc. The magnetic p r o p e r t i e s of these a l l o y s 
have a v a r i e t y as great as t h a t of the pure metals. B r i e f l y , the 
a d d i t i o n of Y t Sc and Lu tends t o s t a b i l i z e the a n t i f e r r o i n a g n e t i c 
s t r u c t u r e a t the expense o f the ferromagnetic, w h i l e lowering T^. 
Lanthanum, however, g e n e r a l l y , has the opposite e f f e c t and La - Gd 
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a l l o y s are ferromagnetic down t o 1$ Gd, below which super-
c o n d u c t i v i t y sets i n . Generally the Neel p o i n t s , T^, o f the s o l i d 
s o l u t i o n s vary as a u n i v e r s a l f u n c t i o n of the de Gennes f a c t o r 
( S e c t i o n I I . 6 . ( a ) ) . 
The r i c h v a r i e t y of the p r o p e r t i e s o f r a r e e a r t h compounds may 
be i n f e r r e d from the l e n g t h of even the b r i e f review of Bozaorth 
(Ref. 3 . 1 ) , 50 pp., while a more extensive c o m p i l a t i o n (Ref. 3 .2 ) 
runs t o over 350 pp. 
I I I . 2 . Rare Earth - T r a n s i t i o n Metal Compounds 
Of s p e c i f i c i n t e r e s t f o r the present work are the i n t e r m e t a l l i c 
compounds between the rare e a r t h metals and the iron-group t r a n s i t i o n 
metals. The phase diagrams (Ref. 3 .2 ) f o r the d i f f e r e n t r a r e e a r t h , 
R, and t r a n s i t i o n metal, X, components show the presence of compounds 
of many s t o i c h i o m e t r i c s , though not a l l these are the same f o r each 
system. The Yttrium-Cobalt system i s perhaps t y p i c a l ; there are 
compounds of composition Y^Co, Y^Co2 YCo, ^Co^, YCo2» YCCy Y 2 C ° 7 > 
3 .1 Bozorth, R.M., 
3.2 Gibson, J.A. , Harvey, G. S. , 11 Properties of Rare Earth Metals 
and Compounds ". Technical Report AS11L-TR-65-43-, A i r Force 
Ma t e r i a l s Lab., V/right-Patterson A i r Force Base, Ohio 
(1966). 
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YCo^, and ^ Co^y. Compounds of composition RX^ have been reported 
as being congruently m e l t i n g , but these are now considered 
(Ref. 3 .3 ) "to be a mixture o f the RX^ and R^  X ^ compounds. 
Lemaire (Ref. 3 .3) has shown t h a t the c r y s t a l s t r u c t u r e s o f many of 
these compounds may be simply r e l a t e d t o the RX^ s t r u c t u r e . 
The number of these compounds obviously precludes a d e t a i l e d 
d e s c r i p t i o n here. The p r o p e r t i e s o f many have been summarised i n 
Ref. 3.1 and o f the compounds w i t h cobalt a t some l e n g t h i n Ref. 
3 .3 . B r i e f l y , where a moment e x i s t s on both R and X these are 
gen e r a l l y coupled a n t i p a r a l l e l f o r the heavy r a r e earths and 
p a r a l l e l f o r the l i g h t . The moments on the X components vary i n 
magnitude considerably depending on the composition and the R 
partner. These f a c t s have been i n f e r r e d from magnetisation 
measurements and i n some cases confirmed by neutron d i f f r a c t i o n . 
The compounds RXg have received the greatest a t t e n t i o n t o 
date, and are the subject of the present work. These compounds 
w i l l now be reviewed a t gr e a t e r l e n g t h . 
I I I . 3 The RX2 Compounds 
I I I . 3 (a) S t r u c t u r a l Data; The Laves Phases 
The compounds of s t o i c h i o m e t r y RX? belong t o the l a r g e class 
3.3 Lemaire, R. , Cobalt 3JL, 132, (1966) and jS3_, 201,(1966) 
of i n t e r m e t a l l i c s c r y s t a l l i s i n g i n t o the s t r u c t u r e s known as 
Laves phases. There are w e l l over 200 b i n a r y compounds forming 
i n these s t r u c t u r e s (Ref. 3 . 4 ) which are o f three types; ( i ) 
Mg Cu 2 j cubic ( S t r u k t u r b e r i c h t Type C 1 5 ) , 24 atoms/unit c e l l , 
( i i ) Mg Zn^, hexagonal (C 14 "type), 12 atoms/unit c e l l , 
( i i i ) MgNig, hexagonal (C36 t y p e ) , 24 atoms/unit c e l l . There are 
marked s i m i l a r i t i e s between the three s t r u c t u r e s . They c o n s i s t of 
double l a y e r s o f hexagonal arrays o f Mg atoms surrounded by 
tet r a h e d r a o f the other elements. I n Mg Cu 2 the l a y e r s are stacked 
ABC, w h i l e i n Mg Zn 2 they are ABAB. Mg Nig may be considered as a 
t r a n s i t i o n a l phase w i t h s t a c k i n g ABAC. I d e n t i f i c a t i o n o f the 
a l l o t r o p i c types i s not easy since there i s equivalence of many 
X-ray r e f l e c t i o n s (Ref. 3 . 5 ) . The Mg Cu 2 type alone however has 
r e l a t i v e l y few l i n e s and i s e a s i l y i d e n t i f i e d . A l l the RXg binary 
compounds form i n t h i s s t r u c t u r e which i s p i c t u r e d i n Figure 3 . 1 . 
The Laves phases represent a very e f f i c i e n t method of f i l l i n g 
space and, w i t h atomic size r a t i o RJK, = 1.225» the average 
3 .4 N e v i t t , M. V., i n P. A. Beck, ed., " E l e c t r o n i c S t r u c t u r e 
and A l l o y Chemistry o f the T r a n s i t i o n Elements". 
I n t e r s c i e n c e , New York, (1963) 
3.5 E l l i o t t , R.P., and Rostoker, W., Trans. A.S.M. , $0, 
617, (1958) 
A Atoms 
Q 
Figure 34 MzJC\ir. S t r u c t u r e 
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number of nearest neighbours i n the s t r u c t u r e s i s 133-. I t was 
i n i t i a l l y thought t h a t the s t r u c t u r e s are size s t a b i l i z e d so t h a t 
a size r a t i o close t o t h i s i d e a l value i s required f o r the phases 
t o form. Though t h i s i s undoubtedly t o some extent t r u e , compounds 
are formed w i t h r a t i o s between 1.10 and 1.46. The i d e a l r a t i o i s 
the same f o r a l l three phases and there does not appear t o be any 
d i s c r i m i n a t i o n between the types on size r a t i o so t h a t o t h e r f a c t o r s 
are i n v o l v e d . I t was shown by Laves and Witte (see Refs. 3 « 4 and 
3 .5 ) on pseudo-binary and-ternary systems of the prototype Laves 
phases t h a t the e l e c t r o n c o n c e n t r a t i o n i s an operative f a c t o r i n 
governing the range o f m i s c i b i l i t y o f single-phase f i e l d s . This 
" valence" e l e c t r o n per atom concentration (VEC) dependence has 
subsequently been confirmed on compounds w i t h t r a n s i t i o n metals 
(Ref. 3 .5 ) and been r e l a t e d t o the density o f states v a r i a t i o n 
obtained from hydrogen s o l u b i l i t y , s u s c e p t i b i l i t y , and e l e c t r o n i c 
s p e c i f i c heat measurements (Ref. 3 . 6 ) . This dependence i s 
i n t e r p r e t e d i n terms of the i n t e r a c t i o n between the band s t r u c t u r e 
and the Fermi surface. I t i s w e l l known t h a t , i n the s o l i d s t a t e , 
there i s a tendency f o r any m a t e r i a l t o adopt a s t r u c t u r e i n which 
3.6 S l i c k , e t . a l . , J. Chem. Phys. 43_. 2788, (1965) and 
Wallace, W.E., and Craig, R.S., i n " Phase S t a b i l i t y i n 
Metals and A l l o y s " P. S. Rudman (Ed.) McGraw-Hill,(1967) 
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the Fermi surface i s near a B r i l l o u i n zone boundary, where the 
den s i t y of states i s high, since the energy of the Fermi surface 
w i l l then be lower. 
I t appears from t h i s work t h a t the Mg Cu^ type i s stable f o r 
vec 1.33 t o 1.72 and the MgZn2 f o r vec 1.8 t o 2 .32. At higher vec 
the cubic "type i s again s t a b l e and the intermediate ranges are two-
phase. There must however be other, as y e t unknown, f a c t o r s 
governing the s t a b i l i t y of the Laves phases since many systems 
which s a t i s f y the requirements of size r a t i o and vec do not form 
i n these s t r u c t u r e s . P a r t i c u l a r l y n o t i c e a b l e are the compounds of 
copper w i t h the rare earths and the scandium group metals of which 
not one forms i n a Laves phase. 
The p r e v i o u s l y reported l a t t i c e parameters f o r the RX^ 
compounds, where X i s i r o n , c o b a l t and n i c k e l are shown i n Table 3 . 1 
where the references are given a t the end o f the t a b l e and do not 
c o r r e l a t e w i t h other references used i n t h i s chapter. These 
references are arranged i n c h r o n o l o g i c a l order and since the 
accuracy probably improves w i t h time, the l a s t value c i t e d i n each 
case i s probably the most r e l i a b l e . 
The considerable v a r i a t i o n i n p r o p e r t i e s reported i n Tables 
3 . 1 and s i m i l a r l y f o r those reported l a t e r i n Table 3 . I I almost 
c e r t a i n l y a r i s e s from the d i f f i c u l t y encountered i n producing good 
s i n g l e phases. This d i f f i c u l t y r e s u l t s from the p e r i t e c t i c nature 
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SA.3L3 I 
FraviouKl/ P^roi'tnd L a t t i c e I ^ r ^ . rasters f o r KZ. cor, pounds 
Contiouna a(°A) Ref 
Y N i 2 7.181 8 
7.12 11 
7 . 1 8 ^ 12,13 '* 
7 .15 ' 15 
7 .16 17 
CelTi ? 7 .024 1 
7.192 2 
7.19S 6 
Kdllig 7.270 
7.202 10 
7.20 11 
7.18 15 
7 .19 17 
7.2092 21 
P r N i 2 7 .206 4 
7.235 10 x ,161, 
7 .25 15 
7.28 17 
7.27Z..3 21 
10 I: 
7.22 15 
7..?:- 17 
7.2560 21 
7.265 l 6 t 
7.22b 10 " 
7.22 11 
7.13 15 
7 .20 .17 
3.9 
Compound a jtef 
GdNi 2 7.27 9 
7.202 10 * 
7.20 11,15 
7.206 16 
7.1$ 17 
7.1934 21 
TbNi„ 7.160 10* 
-2 
2 
7.08 15 
7.16 17 
7.1631 21 
DyNi 2 7.155 10 * 
7.17 11 
7.142 16 
7.14 15,17 
7.1490 21 
HoNi_ 7.136 10 K 
7.13 11 
7.07 15 
7.12 17 
7.1313 21 
ErM, 7.06 15 
7.11 10,17 
7.1175 21 
TmNi2 7.088 k 
7.06 15 
7.07 17 
7.0943 21 
-3.10 
Compound a Bef 
LuNi 2 7.085 x 
7.08 15 
T Co g 7.22 11 
7^ 216 10,12 
7O17 15 
7.21 17 
7.217 19 
CeCo 2 7.158 1 
7.161 10 * 
7.15 11 
7.162 14,161. 
7.13 15 
7.15 17 
7.146 18 
PrCo 2 7.313 10,20 * 
7.17 11 
7.305 14,161 
7.26 15 
7.32 17 
7.291 18 
NdCo2 7.30 14,19 * 
7.27 15 
7.28 17 
7.283 18 
SmCo2 7.26 10,11,14 *,16> 
7.19 15 
7.23 17 
7.248 13 
3.11 
Compound a Bat 
SdCo 2 7,225 10 * 
7.23 11 
7.22 15 
7.257 14,16 
7.24 17 
7.242 18 
7.259 19 
TbCo 2 7.206 10 K 
7.209 15,16 
7.19 17 
7.195 18 
DyCo 2 7.187 10 *, 16 k 
7.20 11 
7.190 14 
7.1.18 15 
7.14 16 
7.18 17 
7.175 18 
HoCo2 7.17 11 
7.168 10,14 H, 161> 
7.13 15 
7.15 17 
7.159 18 
7.171 19 
3 .U 
Compounds a Bef 
ErCo 2 7.144 10 * 
7.151 14,161» 
7.10 15 
7.13 17 
7.139 18 
TmCo„ 7.121 10 K 2 
7.11 15 
7.10 17 
7.121 18 
EuCo„ 7.122 10 * 
7.08 15 
7.057 18 
X 
TPe 2 7.273 .* 10 
7.357 7,12,13 
7.29 11,15 
CePe 2 7.302 5 
7.303 10 * Ifcfc 
7.25 11 
7.29 15 
7.26 17 
7.2859 21 
SmPe2 7. W5 10 H 
7.45 11 
7.38 15 
7.4014 21 
7.4H 161 
3.13 
Compounds a Hsf 
GdPe2 7.44 4 
7.39 10 " 16 !> 
7.40 11,15 
7.3760 21 
DyPe 7.325 10*, 161 
7.29 11 
7.33 15 
7.3085 21 
TB?e 2 7.30 15 
7.3414 21 
7.343 ifcfc 
HoPe2 7.300 10* 161 
7.28 11 
7.23 15 
7.2867 21 
ErPe 2 7.273 10 * 
7.274 12 
7.28 15,16k 
7.2603 21 
TmPe2 7.23 15 
7.247 X 
I u P e 2 7.20 15 
7.222 x 
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o f the formation r e a c t i o n , i . e. the compounds do not melt 
congruently, as shown i n the phase diagrams (Ref. 3.2). 
V/e note t h a t i n general the l a t t i c e parameters decrease as 
the X component changes from i r o n through co b a l t t o n i c k e l . 
I I I . 3 . ( b ) Magnetic Data f o r RNig. 
The magnetic p r o p e r t i e s reported f o r these compounds are 
c o l l e c t e d i n Table 3 . I I . Again the references r e f e r t o the l i s t 
a t the end of the Table and are i n c h r o n o l o g i c a l order so t h a t 
the l a s t e n t r i e s f o r each compound should be the most r e l i a b l e . 
The data f o r the three series w i l l be considered separately 
commencing w i t h the n i c k e l s e r i e s . 
The Y, Ce and Lu compounds are P a u l i paramagnets and the 
moment f o r Gd N i 2 i s close t o t h a t of the Gd^ + i o n , so t h a t i t 
appears t h a t the Ni ions have zero moment i n these compounds and 
t h a t Ce i s i n the 4+ s t a t e . I f we assume t h a t Ni i s non-magnetic 
i n the other members o f the series a l s o , so t h a t the measured 
moments are due t o the rare e a r t h components, i t i s evident t h a t 
these are lower than the f r e e t r i p o s i t i v e i o n values. The reduced 
moments have been a t t r i b u t e d (Ref. 3.7) t o p a r t i a l quenching of the 
3.7 Bleaney, B., Proc. Roy. Soc. A 276, 28 , (1963) and i n 
" Rare Earth Research", Vol 2, K.S. Vorres, ed. , 
Gordon and Breach (1964)?.499. 
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Compound 
Previously Reoortod ifagnotio Data for RX. Compounds 
Msat (a) 
Pauli Paramagnet 
To 00 Referanoq 
3.10 
Ce Ni, Pauli F&ramagnet 3 , 10 
0.73 
0.86 (o) 
8 
(o) 
3 
10 
Nd Ni, 1.68 
1.80 
20 
16. 10 
3 
10 
Sm Ni, 6.30 (d) 
0.25 
77 (d) 
21 
3 
10 
Gd Mi, 6.74 
7.1 
90 
85 78 
3 
10 
Tb Ni, 5.85 
7 .8 
46 
45 35 
3 
10 
Dy Ni, 7.1 
9.2 
32 
30 23 
3 
10 
Ho Ni, 7.1 
A 
23 
oo 12 
3 
10 
E r Ni„ 
To Ni, 
5.7 
6 .8 
2 .5 
3.2 (o) 
14 
21 
14 
(o) 
11 
0 
3 
10 
3 
10 
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Compounds i L J S j i l To***' cr?' Reference 
Lu Nig Pauli Paramagnet 3, 10 
Y Co 2 0.3 1 
0.23 296 4 
1.10 320 10 
Antiferromagnetio; TN, 11 
No ordering down to*?K 12 
Co Co 2 Paramagnetio 1,2,4,7 
No ordering down to 2°K 10 
Pr Co 2 2.98 50 4 
2.6 50 7 
3.2 50 ( e ) 10 
3.7 (h) - 1J 
Nd Co 2 3.46 136 4 
3.8 110 7 
4.2° - 9 
3.8 116 107 10 
Sm Co 2 1.6 530 1 
1-^ 26 232,535 4 
1.4 215 " 7 
2.0 259 10 
Gd Co 2 4.5 408 1 
4.31 408 4 
4.7 420 7 
4.9 - 10 
4.9 400 12 
5: is 
Compounds Maat To Reference 
Tb Co„ 
Dy Co, 
4.38 
5.6 
6.8, (n) 
6.7 
6.72 
6.6 
7 .6 
245 
250 
237 (n) 
256 
169 
160 
159 
228 
129 
4 
7 
9 
10 
4 
7 
10 
Ho Co. 7.17 
6.9 
7 .5 (a) 
7.8 
111 
95 
87 (n) 
85 (e) 
4 
7 ' 
9 
10 
E r Co„ 5.87 
5.6 
6.9 (n) 
7 .0 
48 
40 
39 (n) 
36 28 
4 
7 
9 
10 
Ba Co, 3.96 
4.7 
33 
18 
4 
10 
Lu Cor Pauli Paramagnet 
Y Fe, 
2.91 
535 
550 
552 
1 
4 
14 
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Compounds . Msat To £ Referenoo 
Ce Pe 2 2.6 255 1 
6.97 878 2 
2.38 235 5 
2 .4 221 6 
Sm Pe 2 2 .7 688 1 
2.50 700 4 
674 2 
<f* ** 2 813 2 
3 .6 813 6 
3.35 782 8 
"Co Pe 2 .. 3 .68 705 4 
3 .9 696 6 
Dy F e 2 5.44 663 2 
5.4 750 6 
4.91 638 8 
Ho Pe 2 5.3 6K) 1 
6.02 608 2 
5.11 614 4 
5.2 600 6 
I» 2 5 ' 0 2 ^ 2 
4 .75 596 4 
4 .7 450 6 
3.20 
Compounds M sat To £ Reforenoe 
Tra Po 2 2.92 613 2 
2.52 610 4 
Lu F e 2 2.97 610 4 
(a) Saturation Moment; MB/ formula Unit 
(b) To, Curie Temperature; ) 0 , Curie-Weiss Temperature: (°k) 
(o) Magnetio state unoertain, may not be ferromagnetic a t 2°K. Moment, 
measured a t 2°K, 20 KOe 
(d) Serious Cd contamination; see Ref. 10 
(e) Curie - Weiss behaviour not exhibited 
(n) Neutron di f f r a o t i o n r e s u l t s . 
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o r b i t a l moment by the c r y s t a l l i n e f i e l d ( s e e S e c t i o n I I . 6 ( a ) ) . 
Bleaney (Ref. 3 .7 ) estimated the energy l e v e l s p l i t t i n g due to 
the c r y s t a l l i n e f i e l d i n t h i s s e r i e s . Large s p l i t t i n g s viere found, 
i n some ca s e s l a r g e r than the exchange i n t e r a c t i o n , and the ground 
s t a t e moments were determined i n good agreement v/ith the measure-
ments of Skrabek and V/allace (Ref. 3 . 8 ) . The l a r g e s p l i t t i n g was 
subsequently i n v e s t i g a t e d s p e c i f i c a l l y (Ref. 3 . 9 ) but not confirmed. 
Bleaney*s v/ork, however, c l e a r l y shows t h a t c r y s t a l f i e l d e f f e c t s 
can account f o r the reduced r a r e e a r t h moments. 
The f a c t t h a t Ni has zero moment i n these compounds has been 
confirmed by neutron d i f f r a c t i o n measurements (Ref. 3 .10) on 
Tb Ni and t h i s has been a t t r i b u t e d (Ref. 3 .8 ) to e l e c t r o n t r a n s f e r 
from the r a r e e a r t h component to the Ni 3d s h e l l p u t t i n g i t i n t o 
10 
the 3d s t a t e . This behaviour has been found a l s o i n r a r e 
e a r t h - n i c k e l compounds of other s t o i c h i o m e t r i c s and a t t r i b u t e d to 
the same cause. 
I I I . 3 . ( c ) Magnetic Data f o r RC02 
Comparing the moments f o r &d Ni^ and Gd Co^, i t seems reasonable 
3.8 Ref. 3 i n Table I I 
3.S Rsf. 10 i n Table I I 
3.10 F e l c h e r , G-.P. C o r l i s s , L.M., and H a s t i n g s , J.M., 
J . Appl. Phys. 3j>, 1001, (1965) 
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t o a s c ribe a moment t o each Co i o n o f about 1.1 uB coupled a n t i -
p a r a l l e l t o the Gd moment. Since the l a t t i c e constants f o r t h i s 
s e ries are l a r g e r than the corresponding ones i n the Ni s e r i e s , 
i t i s t o be expected t h a t quenching o f the other r a r e e a r t h 
moments should be not l a r g e r than i n the l a t t e r . On t h i s basis 
the same i n t e r p r e t a t i o n f o r the heavy rare earths (H. R. E.) as f o r 
Gd Nig i s co n s i s t e n t w i t h t h e measurements. This i s confirmed by-
neutron d i f f r a c t i o n r e s u l t s (Ref. 3.1'0 which i n d i c a t e a Co moment 
of 1.0+0.2 uB a n t i p a r a l l e l t o the H. R.E. moment. I n the l i g h t 
r a r e e a r t h (L.R.E.) compounds, however, i t appears t h a t the Co 
moment i s coupled p a r a l l e l w i t h the L.R.E. moment and t h a t i t s 
values are lower than t h a t given above. This i s again confirmed 
by neutron d i f f r a c t i o n (Ref. 3.11) which gives the Co moment i n 
Nd Cog as 0.8+_ 0.2 uB. This behaviour i s as expected since i n the 
L. R.E. ions J = L-S wh i l e i n H. R. E. , J = L+S so t h a t there i s a n t i -
coupling 
parallel/between the rare earth and Co spins i n both cases. 
The measured Curie temperatures are con s i s t e n t (Ref. 3.9) 
w i t h the behaviour expected on the basis o f a coupling mechanism 
v i a the conduction electrons i n t h a t they are p r o p o r t i o n a l t o the 
de Gennes f u n c t i o n (Sect: 
3.11 Moon, R.M. , e t . a l M J . Appl. Phys. JjS, 978, (19^5) 
There are, however, many compli c a t i n g features i n t h i s 
s e r i e s . As i n d i c a t e d above the Co moment i n Gd Co^ and several 
other compounds i s about 1.1 uB, but i n YCOg (see Table 3. I I ) 
t h i s moment i s very small and i n Lu Co^ and Ce Co^ zero. These 
low moments are t o be compared w i t h the value of 1.7 (iB i n 
elemental c o b a l t , and have again been a t t r i b u t e d (Kef. 3.12) t o 
e l e c t r o n t r a n s f e r from the rare e a r t h component. Bleaney (Ref.3.7) 
suggested t h a t the moment c a r r i e d by Co i n compounds w i t h a magnetic 
part n e r i s induced and should be p r o p o r t i o n a l t o (g -1) Vg, where 
M i s the moment c a r r i e d by the magnetic p a r t n e r and g i s i t s Lande 
f a c t o r . A measure of agreement was obtained w i t h the experimental 
r e s u l t s . 
Several of the compounds show anomalous magnetisation -
temperature curves (see e.g. Ref. 3 .9); some demagnetise i n two 
steps and others have sharp d i s c o n t i n u i t i e s a t the Curie 
temperature. This l a t t e r e f f e c t has been s t u d i e d i n some d e t a i l 
f o r the case of Ho Co^ by Lemaire e t . a l . ( s e e Ref. 3 .3 ) , who f i n d 
t h a t the t r a n s i t i o n a t the Curie p o i n t i s f i r s t order and shows 
thermal h y s t e r e s i s , and t h a t there i s metamagnetism a t higher 
temperatures. 
3.12 Ref. 4 i n Table I I . 
3.2? 
Further p e c u l i a r i t i e s (Ref. 3.9) are t h a t ( i ) many o f the 
compounds do not f o l l o w the Curie-Weiss law above T c ; ( i i ) TmCo2 
o 
e x h i b i t s a compensation p o i n t a t about 120 K which i s f a r above 
the apparent Curie temperature (18°K); ( i i i ) YCo^, while having 
a very low moment, has a high Curie Temperature which p a t e n t l y 
does not correspond w i t h the de Gennes f u n c t i o n on- which the 
others l i e . With regard t o ( i i i ) Lemaire (Ref. 3.3) f i n d s t h a t 
the magnetisation of YGo^ i s l i n e a r w i t h f i e l d a t a l l temperatures 
down t o 2°K, though the magnetisation - temperature curve i s 
anomalous a t low temperatures. Neutron d i f f r a c t i o n o f t h i s 
compound d i d not reve a l any ordered moment and Lemaire concludes 
t h a t YCOg i s paramagnetic w i t h very low moment. I t should be 
remembered however, t h a t the e r r o r s i n the neutron d i f f r a c t i o n 
powder method are considerably g r e a t e r than the moment measured 
f o r YCOg from b u l k magnetisation. 
Schweizer (Ref. 3.13) has st u d i e d Pr Co 2 by neutron d i f f r a c t i o n 
and f i n d s a = 0.50-t 0.25 i n t h i s compound. He a t t r i b u t e d the 
CO 
v a r i a t i o n o f c o b a l t moment t o p o l a r i s a t i o n of the 3& electrons by 
the rare e a r t h spin through the conduction e l e c t r o n s , the 
magnitude of the r e s u l t i n g moment being thus r e l a t e d t o the r a r e 
3.13 Schweizer, J., Phys. L e t t r . 22fcA, 739 , 0 967) 
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earth spin. This i s the same mechanism, presumably, as envisaged 
hy Bleaney ( v i d e supra). 
I I I . 3. (<i) Magnetic Data f o r RFe2 
Again f o r t h i s series i t i s t o be expected t h a t the r a r e e a r t h 
moments should be less a f f e c t e d by c r y s t a l f i e l d quenching than i n 
e i t h e r of the two former s e r i e s , because o f the l a t t i c e d i l a t i o n . 
Comparison of the moments here w i t h those from the other series 
i n d i c a t e s t h a t , i n the H. R.E. compounds, i r o n has a moment o f about 
2|-Lg> while i n YFe^ and Lu Fe 2 i t has about 1.Zf to 1»5|Ag. This 
redu c t i o n from 2.2|ig f o r elemental i r o n has again been a t t r i b u t e d 
t o e l e c t r o n t r a n s f e r (Ref. 3.12) and, f o l l o w i n g Bleaney's reasoning 
on the RCOg compounds, the Fe moments were analysed by Wallace and 
Skrabek i n terms o f a permanent moment i n a l l the compounds o f 
1.2f5t*g w i t h an a d d i t i o n a l , induced component p r o p o r t i o n a l t o (g-'l) 
M/g. With assumptions on the r a r e earth moments (M), and s c a l i n g 
the induced component from the Gd Fe^ value, Wallace and Skrabek 
obtained f a i r agreement w i t h the experimental measurements. This 
analysis seems t o the present author, however, t o be u n s a t i s f a c t o r y . 
I t i s elementary t o w r i t e down two simultaneous equations i n v o l v i n g 
the r a r e e a r t h , i r o n and observed moments which, when solved f o r M, 
y i e l d values lower than those i n the ENi^ s e r i e s . Reasons have 
already been given f o r b e l i e v i n g t h a t t h i s i s not the case. 
Further, the above analysis cannot include Ce Fe^ which has a moment 
3.27 
lower than YPe?. 
This s e r i e s has "been i n v e s t i g a t e d a l s o through the Mossbauer 
E f f e c t . Wallace (Ref. 3.14) has performed the most extensive study 
o f the hyperfine f i e l d a t the i r o n nucleus: he found t h a t the hyper-
f i n e f i e l d was p r o p o r t i o n a l t o the moment c a r r i e d by the i r o n atom, 
i n d i c a t i n g t h a t i t r e s u l t s mostly from core p o l a r i s a t i o n . S t r i c t 
p r o p o r t i o n a l i t y was, however, not shown c o n v i n c i n g l y due t o the 
u n c e r t a i n t y i n the e v a l u a t i o n of the i r o n moments. Cohen has made 
(Ref. 3.15) a d e t a i l e d Mossbauer e f f e c t study of the rare e a r t h 
s u b l a t t i c e i n Tm Fe 0. The temperature v a r i a t i o n of the magnetic 
and e l e c t r i c nuclear i n t e r a c t i o n s are w e l l explained on a r e l a t i v e l y 
simple theory assuming t h a t the i n t e r n a l f i e l d ( a t the Tm nucleus) 
r e s u l t s e n t i r e l y from the l+f electrons w i t h l i t t l e e f f e c t due t o 
core or conduction e l e c t r o n p o l a r i s a t i o n . One very s i g n i f i c a n t 
f a c t ( i n the view o f the present author) emerging from t h i s work 
was t h a t the temperature v a r i a t i o n o f the Tm s u b l a t t i c e mapetisation 
i s f a r from the 11 B r i l l o u i n " shape (see Section I I . 3 ) and i s concave 
g 
m 
o o 
upwards between about 100 and 400 K. 
A d d i t i o n a l i n f o r m a t i o n on the hyperfine i n t e r a c t i o n i s 
a v a i l a b l e from N.M. R. work. The f i e l d a t the &d nucleus i n 
3.14 Wallace, W.E. , J. Chem. Phys. 4J., 3857 (1964) 
3.15 Cohen, R.L., Hiys. Rev. 134. 494, (1964) 
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Gd Pe i s the same order of magnitude (400 kO ) as i n elemental 
2 6 
gadolinium but of opposite s i g n (Ref. 3.16). The o r i g i n o f the 
la r g e p o s i t i v e c o n t r i b u t i o n responsible f o r t h i s i s not apparent, 
but i t i s approximately constant f o r a l l Rl!^. There i s a l a r g e 
v a r i a t i o n , however, i n the magnitude and sign of the hyp e r f i n e f i e l d s 
f o r d i f f e r e n t Gd compounds. Gegenwarth et a l . consider t h a t 
these r e s u l t s support the supposition of constant 2*f core p o l a r i s a -
t i o n w i t h the v a r i a t i o n s due t o " valence" e l e c t r o n p o l a r i s a t i o n . 
I I I . 3 (e) Pseudo-Binary Series 
The pseudo-binary series Gd Y Co has been i n v e s t i g a t e d 
i n two papers. Taylor et a l . (Ref. 3.17) found the two-step 
demagnetisation curve (see Section I I I . 3 (0)) f o r x ^ 0.5 and 
YCOg antif e r r o m a g n e t i c . They i n t e r p r e t e d the series i n terms of a 
t r i a n g u l a r spin c o n f i g u r a t i o n . Lemaire and Schweizer (Ref. 3.18) 
on the other hand found no anomalous demagnetisation curves, and 
as s t a t e d p r e v i o u s l y (Section I I I . 3 ( c ) ) , t h a t YC02 W a S n o n m a S n e ^ c • 
They i n t e r p r e t e d the series i n terms o f a v a r i a b l e Co moment, though 
no mechanism f o r t h i s v a r i a t i o n was proposed. 
Oesterreicher and Wallace (Ref. 3.19) measured the c r y s t a l l o -
3.16 Gegenwarth, e t a l . , P h y s . Rev. L e t t r . 18, 9, (1967) 
3.17 Ref. 11 o f Table I I 
3.18 Ref. 12 of Table I I 
3.19 Oesterreicher, H. , and Wallace, Y,f. E., J. Less-Common Metals 
11,91,(1967) 
3.29 
graphic and magnetic ( s u s c e p t i b i l i t i e s and s a t u r a t i o n moments) 
c h a r a c t e r i s t i c s f o r the systems G& A l g - Gd Pe^, Gd A l ^ - Gd Co 2 
and Er A l 2 - Er Co^. The C14 s t r u c t u r e was observed i n a l l these 
se r i e s and the s t a b i l i t y ranges f o r t h i s and the C15 t e r m i n a l phase 
were measured. An extended c r i t i q u e of t h e i r a nalysis i s given 
l a t e r , i n Chapter V I . Their e s s e n t i a l r e s u l t s are presented i n 
Table 3.3. 
Table 3.3 
System 
Compositions i n mol.fo RA12(.± 2%) 
RXg phase 
(C 15) 
Intermediate 
(C14) 
RA1 2 phase 
(C 15) 
Gd Pe 2 - Gd A l g 0 - 2 6 27 - 52 67 - 100 
Gd Co 2 - Gd A l 2 0 - 2 4 49 - 73 74 - 100 
Er Co 2 - Er A l 2 0 - 2 7 28 - 73 77 - 100 
Mansey e t a l . (Ref. 3.20) have presented l a t t i c e spacings o f 
several R (X tX ) pseudo-binary series. A l l the series i n v e s t i g a t e d 
3.20 Mansey. R.C. . e t a l , , J. Less-Common Metals, 14., 337, (l9°o) 
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were s i n g l e phase (C 15) and the l a t t i c e parameters showed p o s i t i v e 
deviations from Vegards Law ( l i n e a r i n t e r p o l a t i o n ) except f o r 
series i n v o l v i n g Ce. The l a t t e r exception was explained by the 
v a r i a b l e valency o f Ce. In. some cases the deviations from Vegards 
Law were very l a r g e . 
I I I . 3 ( f ) Summary and Statement o f Problem 
The previous sections have o u t l i n e d the p r o p e r t i e s o f the 
RX^  compounds and some general problems i n t h e i r i n t e r p r e t a t i o n 
are obvious. F i r s t l y the moment c a r r i e d by the P. component appears 
t o be lower than the free t r i p o s i t i v e i o n value and secondly t h a t 
on the X component i s very v a r i a b l e . I n the f i r s t case c r y s t a l 
f i e l d e f f e c t s are obviously able t o account f o r the reduc t i o n 
but the magnitude of t h e e f f e c t i s u n c e r t a i n because of the 
u n c e r t a i n t y i n ev a l u a t i n g the component moments. The i r o n group 
component moments present a gr e a t e r problem and the only explanation 
suggested so f a r has been e l e c t r o n t r a n s f e r i n t o the 3d s h e l l 
together w i t h induced moments i n some cases. The t r a n s f e r 
hypothesis seems t o the author t o be untenable as a major cause 
of the v a r i a b l e moments since the necessary degree o f t r a n s f e r 
varies so g r e a t l y f o r the d i f f e r e n t m a t e r i a l s where elements w i t h 
very s i m i l a r e l e c t r o n e g a t i v i t i e s are involved. For example i n 
Gd Ni , about 0.6 electrons / N i atom are r e q u i r e d w h i l e i n Gd Fe 
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t h i s i s only about 0.2/Fe atom and, again, the values f o r YCog 
and YFe£ are about 1.7 and 0.8 per atom r e s p e c t i v e l y . L a s t l y 
the i n d u c t i o n process has been envisaged as p r o p o r t i o n a l t o the R 
spin b u t no ph y s i c a l process has been suggested and we have given 
reasons f o r considering t h a t i t i s unable t o account f o r the 
measurements s a t i s f a c t o r i l y . 
The present work aims a t e l u c i d a t i n g some of these problems. 
Obviously the most serious hazard t o the f o r m u l a t i o n o f a u s e f u l 
theory of these m a t e r i a l s i s the u n c e r t a i n t y i n the component 
moments. This could be resolved d i r e c t l y by neutron d i f f r a c t i o n 
were s i n g l e c r y s t a l specimens a v a i l a b l e ; the powder method 
u n f o r t u n a t e l y has i n s u f f i c i e n t p r e c i s i o n . I n the absence o f t h i s , 
the author has considered the study of pseudo-binary series t o be 
the most u s e f u l approach. I n p a r t i c u l a r the s u b s t i t u t i o n of Y f o r 
the r a r e earth components should provide i n f o r m a t i o n on the values 
of the components and the e f f e c t of v a r i a t i o n i n the r a r e earth spin. 
Also series o f the type Y (X^, s k ° u ^ y i e I d . d i r e c t i n f o r m a t i o n 
on the X component values and i n t e r a c t i o n s . 
The RFeg compounds seemed the most appropriate s t a r t i n g p o i n t 
since t h i s s e r i e s does not have the f u r t h e r p e c u l i a r i t i e s of the 
RCOg ser i e s . The se r i e s chosen i n i t i a l l y was (Dy, Y) Fe^ since 
a Mossbauer isotope i s a v a i l a b l e f o r Dy so t h a t the h y p e r f i n e 
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i n t e r a c t i o n a t both n u c l e i could be s t u d i e d and might provide 
f u r t h e r r e l e v a n t i n f o r m a t i o n . I n a d d i t i o n t h i s work i s concerned 
w i t h the s e r i e s Y (Fe, Co) 2, % ( F e , N i ) 2 , and Y (Fe, N i > 2 the l a s t 
two i n considerably l e s s d e t a i l than the former f o r the reasons 
given l a t e r (Chapter V l ) . 
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CHAPTER IV EXPERIMENTAL DETAILS 
I n t h i s work specimens o f the d i f f e r e n t compounds were prepared 
by a r c - m e l t i n g i n an i n e r t atmosphere and t h e i r magnetic p r o p e r t i e s 
were measured, over a wide temperature range, w i t h a v i b r a t i n g sample 
magnetometer, and, a t the highest temperatures, w i t h an e l e c t r o -
magnetic servo-balance. 
IV. 1 Specimens 
The raw elemental m a t e r i a l s were obtained from the Koch-Light 
Laboratories L t d . , i n the form of ingots of the Rare Earths and 
rods of the i r o n group metals. The s t a t e d p u r i t i e s were 3N + 
( w i t h respect t o other R. E. ) f o r the Rare Earths and 4N8+ f o r the 
i r o n group metals. The s t a t e d analyses o f the m a t e r i a l s i s given 
i n Table 4.1. 
St o i c h i o m e t r i c q u a n t i t i e s of each component, f o r any given 
compound, were cut and weighed ( t o the nearest 0.001.gms) and the 
t o t a l weight of each specimen was made about 3-6 gms. The c u t t i n g 
and f i l i n g mechanisms were performed i n an Argon atmosphere i n a 
glove box. These components were then melted i n an arc furnace. 
The furnace was evacuated t o a pressure o f less than 0.3 microns 
of mercury and fl u s h e d w i t h h igh p u r i t y Argon (5N) t o atmospheric 
pressure. I t was then re-evacuated and f i l l e d t o the working 
pressure o f ~ 200 num. rig and gettered f o r several minutes w i t h 
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TABLE 4. 1 
Stated Analyses of Raw M a t e r i a l s 
Showing i m p u r i t i e s i n parts per m i l l i o n 
IRON Ag A l Cu Mg Mn S i 
<0.5 <0.5 <0.5 3 3 3 
No othe r m e t a l l i c i m p u r i t i e s 
COBALT Ag A l Ca Cu Fe Mg Mn S i 
<1 <1 <1 <1 :> 1 2 3 
NICKEL Ag A l Cu Fe Mg S i 1 < i 2 <3 No other m e t a l l i c i m p u r i t i e s 
DYSPROSIUM CaO CuO F e 2 ° 3 NiO S i 0 o Ta o 0 c 2 2 5 V 3 °2 
100 100 200 200 100 1500 200 1500 
YTTRIUM A 1 2 ° 3 CaO Dy 2o 5 E 2 ° 3 I , , e 2°3 G d 2 ° 3 
300 50 500 100 100 20 
H o 2 ° 3 N d 2 ° 3 
S i 0 2 Ta 0 2 5 T V ? Yb 2 0 3 °2 
200 20 200 4.00 
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molten tantalum. The components were then melted together and 
the i n g o t turned over and remelted twice more before removal from 
the furnace. There was always a l o s s of approximately 2J* by weight 
o f the specimen d u r i n g t h i s process. I n some instances the ingots 
were found t o s h a t t e r during e i t h e r c o o l i n g or re m e l t i n g , presumably 
as a r e s u l t of thermal stress caused by the r a p i d h e a t i n g and c o o l i n g 
rates. The incidence o f t h i s s h a t t e r i n g was, as f a r as could be 
ascertained,random and the same compound made a t d i f f e r e n t times 
sometimes d i d and sometimes d i d not sh a t t e r . 
Each specimen was examined v i s u a l l y on removal from the furnace 
and then broken i n a p e s t e l w i t h a mortar, again i n an Argon 
atmosphere i n the glove box. A small amount was ground i n t o a f i n e 
powder f o r x-ray d i f f r a c t i o n . A l l the specimens were very f r i a b l e 
and were e a s i l y broken and crushed. 
The v i s u a l examination showed t h a t the ingots had a good 
m e t a l l i c l u s t r e though some b l u i s h d i s c o l o u r a t i o n , suggesting 
o x i d a t i o n , was u s u a l l y present on the surface. This surface l a y e r 
was extremely t h i n and was e a s i l y removed by f i l i n g . Examination of 
the broken ingots revealed a coarse columnar s t r u c t u r e w i t h , 
apparently, grains running v e r t i c a l l y through the i n g o t . These 
were examined i n a few cases by the Laue b a c k - r e f l e c t i o n x-ray 
technique but only very low order was found. The normal x-ray 
d i f f r a c t i o n examination was performed on the powdered specimens 
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w i t h a Debye-Scherer type camera of diameter ~ 11 cm., using 
c o b a l t K ot r a d i a t i o n . Cobalt r a d i a t i o n was necessary since the 
more usual copper Kec l i n e causes fluorescence of the R. E. components. 
The. r e s u l t s of these examinations are given i n Section V.1. 
IV.2 Apparatus 
IV. 2(a) Vibrating-Sample Magnetometer 
The v i b r a t i n g sample magnetometer used i n t h i s work was a 
m o d i f i c a t i o n of the instrument constructed and used by H.D. E l l i s 
(Ref. 4.1). Mechanically only minor m o d i f i c a t i o n s were e f f e c t e d i n 
order t o f a c i l i t a t e easier interchange o f the specimen tubes and a 
d e t a i l e d d e s c r i p t i o n w i l l n ot be given here. The e s s e n t i a l features 
o f the magnetometer are shown i n the drav/ing (Figure 4.1) and 
photograph (Figure 4.2). 
The apparatus was, however, f a i r l y e x t e n s i v e l y r e b u i l t 
e l e c t r o n i c a l l y so as t o make i t a n u l l - o u t p u t instrument, thus 
c o r r e c t i n g the p r i n c i p a l diseadvantage of the previous instrument 
(Ref. 4.1). The bl o c k diagram f o r the magnetometer i s shown i n 
(Figure 4.3) 
The 11 sample" and " m o n i t o r " pick-up c o i l s , which are them-
selves t w i n c o i l s connected i n opposition (Ref. 4 .1) , are connected 
i n series and the r e s u l t a n t s i g n a l i s a m p l i f i e d before being passed 
4.1 E l l i s , H.D. , Ph.D Thesis, U n i v e r s i t y of Durham, 1967 
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FIGURE 4.1 Drawing of Magnetometer. 
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FIGURE 4.3 Block Diagram of Magnetometer. 
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to the phase sensitive detector and meter. The signal i n the 
" monitor" pick-up c o i l i s derived from the D. C. c o i l (Ref. 4.1) 
which i s supplied with variable (0 - 48 mA) current from a 6V 
source, t h i s current being measured with a Cambridge Unipivot Type 
L milliammeter. The 11 sample" pick-up c o i l incorporates a 250 Kfl. 
p otential divider, with vernier s e t t i n g , to reduce the magnitude 
of the signal i f required. In use, the direction of the current i n 
the D.C. c o i l i s set to give a signal i n the " monitor" c o i l i n 
opposition to that i n the " sample" c o i l . This current i s then; 
varied to give n u l l output from the phase-sensitive detector. I n 
t h i s condition the current i s proportional to the magnetisation i n 
the sample. 
The generator (Farnell Type LF s o l i d state o s c i l l a t o r ) , 
v ibrator (Advance), tuned amplifier (G-rubb-Parsons T.A. , high 
gain) and the phase-sensitive detector have a l l been, described by 
E l l i s (Ref. 4.1). The amplifier i s a simple 2-stage amplifier 
f o r 70 c.p. s. whose c i r c u i t i s given i n Figure 4-4: the t h i r d 
stage provides the reference f o r the phase sensitive detector. 
Considerable coherent noise i s generated i n the " monitor" 
c o i l , due to the proximity of the vibrator. This i s eliminated 
by i n j e c t i n g a portion of the supply signal i n t o the c i r c u i t . 
The c i r c u i t diagram f o r the phase-shifter and attenuator required 
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FIGURE 4.4 A m p l i f i e r C i r c u i t Diagram 
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f o r t h i s purpose i s shown i n Figure 4.5. 
The ef f e c t of sample length i n the magnetometer was investigated 
by E l l i s who found (Ref. 4.1) that t h i s must be less than 4.5 mms. 
Samples of length about 3 nuns were therefore used, the pieces being 
selected as described in. Section IV . 4(c) and of weight about 80 m. gins. 
They were held i n the s i l i c a tubes with " Durafix" cement f o r the low 
temperature work and with a waterglass cement f o r high temperatures. 
In use the " sample" pick-up c o i l was positioned so that i t s centre 
coincided with the centre of the sample i t s e l f , by measurement with 
vernier calipers with respect to a fixe d point. 
The solenoid and power supply used with t h i s magnetometer have 
been adequately described previously (Ref. 4.'I and 4.2). The power 
supply i s a Westinghouse 0-200 volts D.C., 50 K.W. Rectif i e r . There 
i s considerable temporal f l u c t u a t i o n and ripple i n the output. The 
solenoid i s constructed of a number of " pancakes" of coiled copper 
s t r i p and i s water cooled. The previous c a l i b r a t i o n of t h i s solenoid 
(Ref. 4.2) was confirmed with a Ha l l Probe. The f i e l d i s li n e a r with 
current at the rate of 42 0e/Amp. giving a maximum f i e l d of about 
9.5 K0e. 
4.2 Hutchinson, F., Ph.D Thesis, University of Durham, 1958. 
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IV.2.(b) Sus c e p t i b i l i t y Balance 
For measurements at the highest temperatures used i n this 
study (> 600°K) the vibrating-sample magnetometer could not be 
used (see Section IV .3 ) and a s u s c e p t i b i l i t y balance was used. 
This instrument was b u i l t and used by Thompson (Bef. 4-3). I t 
i s an electromagnetic servo-balance working on the Faraday method 
(see Ref. 4.4). The sample i s placed i n an inhomogene»ous 
magnetic f i e l d i n a solenoid and the force on the sample i s 
measured electromagnetically and i s proportional to the magnetisa-
t i o n . In t h i s work the balance was not calibrated against an 
external standard but the magnetisation/temperature measurements 
taken with i t were scaled against those from the magnetometer. 
IV .3 Temperature Measurement and Control 
Throughout this work, temperature measurement was effected 
by means of copper-constantan thermocouples i n contact with the 
specimen. These were constructed from " high conductivity 1 1 
copper, supplied by Lewcos, and 11 thermocouple telconstan 
supplied by Telcon Metals, by melting the wires i n a gas flame. 
4.3 Thompson, D.R. , Ph.D. Thesis, University of Durham 
(to be published) 
4.4 Z i j l s t r a , H. , 11 Experimental Methods i n Magnetism", 
Part 2, North-Holland Publishing Co. , 1967. 
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The thermopotential from these couples corresponded with the 
B r i t i s h Standard tables (Ref. 4.5) at certain f i x e d points 
( l i q u i d nitrogen, i c e , b o i l i n g water, lead) and these tables were 
used f o r temperatures above -190°C. Below t h i s temperature, values 
were obtained by interpolation between l i q u i d helium and l i q u i d 
nitrogen temperatures by comparison with standard tables. The 
thermo-emfs were measured with a Pye Portable Potentiometer. 
The reference junction v/as kept i n l i q u i d nitrogen f o r temperatures 
up to room temperature and ice f o r above. 
At about 4°K constantan may have a large s u s c e p t i b i l i t y so that 
the thermocouple could introduce an error i n t o the measured 
magnetisation. I n t h i s magnetometer, however, the amount of 
constantan w i t h i n the sensitive area i s very small and measurements 
indicated that no correction was necessary f o r t h i s . 
Temperatures below room were obtained with l i q u i d nitrogen 
and l i q u i d helium contained i n glass dewars. Above room temperature 
a small furnace was employed. This was wound with " feanthal" wire 
around a s i l i c a tube, with the lower end closed, which f i t t e d inside 
the solenoid. Below about 600°K Lissapol NX was used i n this furnace 
4.5 " Reference Tables f o r Copper v. Constantan Thermocouples" 
B r i t i s h Standard No. 1828, 1961. 
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tube as an o i l bath to reduce the rate of temperature change so 
that measurements could be made with the temperature varying. At 
the highest temperatures measurements were taken i n discrete 
steps i n temperature as no suitable bath was available. 
I n the magnetometer, the 11 sample11 pick-up c o i l was wound on 
a pyrophyllite former f o r high temperatures but a l i m i t of about 
600°K was set on measurements.with th i s instrument by breakdown of 
the insulation of the copper wire forming t h i s c o i l . 
At a l l temperatures the magnetometer was f i l l e d with helium 
gas to act as a transfer gas to keep the sample at the temperature 
of the surroundings. 
IV.4 Interpretation of Measurements 
I t has been shown that at any temperature and f i e l d setting the 
current, I , i n the D.C. c o i l can be measured. I t remains to be 
shown how I may be related to physically interesting parameters. 
IV.4 (eftCalibration 
The D.C. c o i l acts as a dipole whose moment depends on the 
current I which must therefore be calibrated against magnetisation 
i n the sample. This ca l i b r a t i o n v/as performed using several samples 
of pure i r o n and nickel against the absolute data of Weiss and 
Forrer (Ref. 4 . 6 ) . 1^ . was measured as a function of f i e l d at 
4.6 Weiss, P., and Forrer, R. , Ann. Phys. (Paris)l2., 297,(1929) 
d i f f e r e n t temperatures and extrapolated to the saturation values. 
Values of the c a l i b r a t i o n constant A were then obtained from 
the equation 
w 
where o~ i s the magnetisation/gn, from Ref. 4.6, and w i s the mass 
of the sample. The values obtained f o r A. f o r the d i f f e r e n t 
materials, samples and temperatures were within 1$j and the average 
value was taken, as the ca l i b r a t i o n of the instrument, i.e.A = 0.0559 
e.m. u./mA. 
The magnetometer could then be used with other materials, 
when the magnetisation i n atomic units i s given (using Equation 
2.1) by 
o~ = 0.0559« Ig- • (nVmolecule) ... (Equation 4.1) 
w 5586 
w i s measured i n gms and I i n mA. 
IV.4(b) Accuracy and Precision 
Considering Equation .^1 the quantities l i a b l e to error are 
A, 1^, and w. 1^ . could be measured to about 0.57*>, and w was measured 
to about 1%. The overall precision i s therefore put at _± 1.5/o and 
the accuracy at ± yfo since here A. must be considered also. The 
smallest magnetisation which could be measured was 5.10 ^ e.m.u. 
corresponding to 0.1 mA. 
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IV.4(0) The Demagnetising F i e l d 
Since the magnetisation i s required as a function of f i e l d , 
the influence of the sample on the applied f i e l d must be considered. 
The f i e l d inside the sample body i s the i n t e r n a l f i e l d , Hi, composed 
of the applied f i e l d due to the solenoid, H, and the n demagnetising 
f i e l d " , Hp, due to the poles of the sample i t s e l f ; i.e. Hi = H + H^ . 
I f the body i s homogeneous and has the shape of an e l l i p s o i d the 
demagnetising f i e l d i s uniform and depends only on the dimensional 
r a t i o of the e l l i p s o i d and i s proportional to the magnetisation. I f 
these conditions are not s a t i s f i e d the demagnetising f i e l d i s non-
uniform and depends, ad d i t i o n a l l y , on the s u s c e p t i b i l i t y of the 
material and the fieldstrength. Under these l a t t e r conditions 
corrections can be made only approximately. 
With the materials used i n th i s work i t was considered 
impracticable to machine the samples to a specific shape due to 
t h e i r r e a c t i v i t y . Samples were thus chosen so that corrections f o r 
the demagnetising f i e l d remained small. This requires, i d e a l l y , 
long rods magnetised along the axis or t h i n sheets magnetised i n 
the plane. I n practice samples where chosen of platelets of the 
material with the length at least 2-3 times the v/idth. For samples 
of this shape the demagnetisation factor (H^ - - M, where M 
i s the magnetisation) i s (e.g. Ref. 4.4 Ch.2) about 0.1 so that the 
correction to the applied f i e l d H i s of the order of a few percent. 
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I n the whole of this work this correction i s ignored and 
Hi i s taken equal to H. Specific calculations were made with a 
few samples of the effect of the demagnetising f i e l d on the 
calculated saturation moment (Section IV.4 ( d ) ) . The error 
introduced by the above assumption was wel l w i t h i n the previously 
stated experimental error. 
IV.4 (d) Atomic Moment and Curie Point 
The Bohr magneton number, p, of a material i s related to the 
magnetisation by Equation 2.1. That i s the atomic moment i s given 
by the absolute saturation magnetisation. The measurement of t h i s 
quantity, however, requires either i n f i n i t e f i e l d or zero temperature 
so extrapolation i s necessary from high f i e l d s at the lowest 
temperatures. The var i a t i o n of the spontaneous magnetisation at low 
temperatures has been discussed i n Sections I I . 1 and I I . 2 so th a t , 
i f the spontaneous magnetisation could be measured at d i f f e r e n t 
temperatures, the absolute saturation value could be obtained. 
Since i n aero applied f i e l d the domains have random orientation 
i t i s not feasible to measure the spontaneous magnetisation w i t h i n 
3 4 
a domain. I n applied f i e l d s of about 10 to 3 10 Oe i t i s found 
that, f o r many materials the empirical relationship (see Ref. 4.7) 
°H T = °S T ( 1 " H " H2^ * C H (Equation 4.2) 
4.7 Morrish, A.H., n The Physical Principles of Magnetism" 
Wiley (1965) Ch. 6. 
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i s followed^ Here a ^> b c are constants and a;, ,^ i s termed 
the saturation magnetisation. For f i e l d s of the order suggested, 
the difference between crQ and <J i s negligible. 
In t h i s work i t was not feasible to obtain a versus H data at 
very low fix e d temperatures other than at the l i q u i d helium 
temperature. Consequently the saturation magnetisation was obtained 
o 1 at 4.2 K, from Equation 4.2, by extrapolation of the cr versus /K pl o t 
to /H = 0, and t h i s value was taken to give the atomic moment. 
I t lias been shown, a t the s t a r t of Chapter I I , that f o r an 
isolated atom p = g j and the expression f o r g was given, g may be 
related (Ref. 2.8) to the magnetisations associated with o r b i t a l and 
spin angular momentum, Morb and Msp respectively, by g = 2(1 + 
Morb/Msp). I n a Ferrimagnetic material, or i n an al l o y assumed to 
consist of separate sublattices, the effective g value may be related 
to the g values and magnetisations of the d i f f e r e n t sublattices 
(Ref. 4.8). Thus, i n p r i n c i p l e , measurement of p and g f o r a 
material leads to a knowledge of Morb and K spin and hence to some 
aspects of the e l e c t r i c structure. 
We turn now to the determination of the Curie point. From 
general thermodynamic considerations, Belov (Ref. 4.9) has shown 
4.8 Smit, J., and Wign, H. P. J. , " Ferrites ", Philips 
a n d Technical Library (1959) 
Meyer, A.J. P. , and Asch. G. , J. Appl. Phys. ^ 2 ( s ) , 330 (1961) 
4.9 Belov, K. P. , "Magnetic Transitions 1 1. Consultants Bureau, 
New York, (1961) 
4.19 
2 2 
that at constant temperature i n this region o"^  ^  = °Q j + 
aH/o~ _. Hence the spontaneous magnetisation may be obtained from r i , 1 
plots of cr^ against H/cr^  The isotherm passing through the o r i g i n 
thus gives the Curie point (O"Q = 0). This i s , however, a tedious 
procedure and f o r routine measurements we can, as before, take the 
magnetisation i n a f i e l d < 1(A Oe as representing the spontaneous 
magnetisation at temperatures not too near the Curie point. On the 
molecular f i e l d model (Section I I . 1 ) , expansion of the B r i l l o u i n 
function f o r small x i n Equation 2.2 yields cr ,„ QC (Tc - T). 
o, i 
Thus Tc may be obtained by extrapolation of the l i n e a r portion of 
2 
o~ versus T. 
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CHAPTER V RESULTS 
V. 1. Crystal Structures and Lattice Parameters 
The series DyFe2 - YFe^ and YFe^ - YCo2 were found to be 
single-phase with the C15 structure. I n both the series DyFe,, -
Dy N i 2 and YFe^ - YNi 2 the terminal phases were C15 but, i n addition, 
the C56 phase was found f o r some intermediate compositions. The 
l a t t i c e parameters are given f o r these four series i n Tables 5.1 to 
5.4, respectively, and, f o r the f i r s t three, are plotted i n Figures 
5.1, to 5.3. 
For the cubic C15 phases the l a t t i c e parameters are calculated 
using the Nelson-Riley extrapolation (Ref. 5 .1) f o r the elimination 
of systematic errors. For the hexagonal phases the least squares 
method of CQhen was used with the extrapolation function employed 
previously. 
Some of the compounds investigated were subjected to annealing 
a f t e r manufacture. The as-cast material was sealed i n t o a s i l i c a 
tube under a vacuum of ~10 Torr and heated f o r several days at 
about 700°C. Subsequent X-ray d i f f r a c t i o n revealed no change i n 
the l a t t i c e parameters measured or i n the phase composition. I n 
those compounds where the C15 and C36 phases were found there 
existed some d i f f r a c t i o n lines which were not indexed as either 
5.1 Nelson, J.B., and Riley, D. P. , Proc. Phys. Soc.57,160(1945) 
5.2 
of these so that additional phases were present. These extra 
phases load much lower concentration than the Laves phases. 
5.3 
Composition 
X 
Lattice Parameter 
(A) 
j - 0.002A 
Atomic Volume 
t 0.02 A* 
1.0 (DyPe2) 7.318 16.33 
0.80 7.333 16.43 
0. 65 7.339 16.47 
0.50 7.343 16.50 
0.40 7.345 16.51 
0.35 7.348 16.53 
0.30 7.348 16.53 
0.15 7.353 16.56 
0.08 7.352 16.56 
0 (YFe 2) 7.354 16.57 
Table 5.1 Lattice Parameters f o r (Dy, Y)Fe, 
5.4 
Composition 
u 
L a t t i c e Parameter 
(A) 
+ 0.002 A 
Atomic Volume 
i 0.02 Pi 
2.0 ( Y F e 2 ) 7.354 16.57 
1.67 7.350 16.54 
1.33 7.340 16.47 
0.98 7.312 16.29 
0.59 7.270 16.01 
0.35 7.251 15.88 
0.14 7.234 15.77 
0 ( Y C o 9 ) 7.222 15.69 
Table 5.2 L a t t i c e Parameters f o r Y(Pe,Co) 
5.5 
Composition S t r u c t u r e a 
0 
c 
0 
c/a At. Vol 
2 ( D y F e 2 ) C15 7.318 16.33 
1.6 C15 7.311 16.28 
1.2 C15 7.291 16.15 
C36 5.028 16.51 3.28 15.05 
0.8 C15 7.237 15.78 
036 4.991 16.45 3.30 14.79 
0.4 C15 7.200 15.55 
C 36 4.962 16.39 3.30 14.56 
0 (DyNi 2) C15 7.148 15.22 
Table 5.3 L a t t i c e Parameters f o r Dy ( F e , Ni)g 
Composition" S t r u c t u r e a 
0 
c 
0 
c/a At. V o l 
YFe Ni_ , 1.4 0.6 
C36 5.088 16.61 3.26 15.52 
Other Phases Not Indexed 
Y F e i . o N i i . o 
036 5.024 16.48 3.28 15.01 
Other Phases Not Indexed 
Y F e 0 . 7 N i L 3 
C36 4.999 16.45 3.29 14.83 
Other Phases Not indexed 
™ i 2 K C15 7.18 15.42 
values from Table 3.1 
Table 5.4 L a t t i c e Parameters f o r Y (Fe,Ni) 
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V. 2. Magnetic P r o p e r t i e s 
The magnetic p r o p e r t i e s r e p o r t e d here are the s a t u r a t i o n 
moments (o\) a t 4 . 2 ° , 77°K and room temperature (taken as 290°K), 
the ferromagnetic C u r i e temperature ( T ) , and the magnetisation -
temperature behaviour. The s a t u r a t i o n moments v/ere determined by 
e x t r a p o l a t i o n of o^ versus ,/K, as i n d i c a t e d i n Equation 4.2, to 
1 2 /H = 0. The C u i i e p oints were determined by e x t r a p o l a t i o n of cr 
2 
v e r s u s T to o" =0 ( s e e S e c t i o n IV . 4 . ( d ) ) . The q/T behaviour i s 
given i n most cases by a. s i n g l e curve a t a f i e l d s u f f i c i e n t f o r cr 
to approach the s a t u r a t i o n value. 
The o" and Tc val u e s a r e c o l l e c t e d i n t o Table 5«5 and Fi g u r e s 
5.4 f o r DyFe 2 - Y F e 2 and i n Table 5.6 and F i g u r e s 5.6 and 5.7 f o r 
YFe„ - YCo„. These t a b l e s a l s o c o n t a i n v a l u e s f o r the r e l a t i v e 2 2 
s a t u r a t i o n a t 4.2°K which i s the r a t i o of the magnetisation a t the 
h i g h e s t f i e l d used to the s a t u r a t i o n value. Table 5.7 c o n t a i n s some 
data on the remaining two s e r i e s . These data a r e l e s s e x t e n s i v e 
s i n c e measurements i n d i c a t e d the presence of m u l t i p l e phases a t some 
compositions. 
The o/T curves a r e presented i n F i g u r e s 5.3 to 5.24. 
I n Table 5.5 the values f o r cr a t 4.2°K f o r the compounds 
s 
x = 0.4, 0.35 and 0.3 are given only approximately s i n c e s a t u r a t i o n 
c o u l d not be approached. These v a l u e s were obtained by magnetising 
5.10 
the specimens to the h i g h e s t f i e l d a t 77°K and reducing the 
temperature to L\., 2°K, i n t h i s f i e l d . The r e s u l t i n g magnetisations 
v/ere then s c a l e d w i t h the r e l a t i v e s a t u r a t i o n r a t i o s obtained a t 
77°K to y i e l d the approximate v a l u e s quoted. 
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Composition Saturation Moments 
l-y'mol 
Curie Temperature 
(°K) 
± 10 
4.2°K 77°K 
D y 3 ? e l . 6 N i o . 4 5.2 - 620 
^ 1 . 2 N 1 0 . 8 6.0 
- 610 
* * 0 . 8 N 1 1 . 2 
6.0 - 365 
D ^ e 0 J + N i 1 . 6 6.9 
- 270 
Y F e - | . 4 N i 0 . 6 
- 2 .4 >300 
Y P e - . .o N i i . o - 1.9 >300 
Table 5.7 Magnetic Data for Dy(Fe,Ni) and Y(Fe,Wi) 
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CHAPTER VI DISCUSSION 
The r e s u l t s presented i n Chapter V are considered i n the following. 
The structures and l a t t i c e parameters are discussed f i r s t and then the 
magnetic properties under the different s e r i e s . I t i s perhaps mis-
leading to separate the series as a single model i s presented for a l l 
the compounds, but the length of t h i s discussion i s so considerable 
that some sub-division i s desirable. 
VI. 1 Structures and L a t t i c e Parameters 
The variations of the l a t t i c e parameter of the C15 phases show 
positive deviations from Vegards Lav/ ( l i n e a r interpolation between 
the terminal compounds), indicated by the dashed l i n e s , i n each case. 
This i s i n agreement with measurements on other series (Section 
111.3(d)) of t h i s type. 
Though metallic systems r a r e l y follow this law accurately the 
extent of the fluctuations observed i s surprising. This i s particu-
between the terminal values i s only 0.5/5. Small deviations may be 
accounted for on the basis of compressive energy but where the ion 
r a d i i are apparently so close t h i s e f f ect must be very small. The 
deviation may r e s u l t from variation, of the electronic state of the 
Fe component. For the series where the 3-d metal component varies 
(Figures 5.2 and 5.3) the deviations from Vegards Law are much 
l a r l y so for the s e r i e s (Dy,Y) Fe ( Fig. 5.1) where the difference 
greater. 
)69 1 
8E01IQ! 
IB 
Comparing these series, however, i t may he seen that the variation 
i s very similar f o r the two cases: the deviation i s greatest at 
the Fe-rich end of the series and there i s an i n f l e c t i o n i n the 
centre of the curve. I t i s possible that the curves as presented, 
representing the l a t t i c e parameters measured at room temperature, 
are misleading. I t has been shown f o r similar compounds (Eef. 6.1) 
that there i s a discontinuity i n the thermal expansion c o e f f i c i e n t 
at the Curie point, as i s expected i n general. Thus, since the Curie 
points are at variable temperatures above or below the measuring 
temperature, the shape of the curves must change with temperature. 
I t i s possible that the deviation from Vegard's Law i s less at a 
temperature above the highest Curie point i n the series. The 
magnitude of the discontinuity demonstrated i n Ref. 6.1 i s , however, 
such as to cause only a r e l a t i v e l y small change i n the shape of 
these curves. 
The s t r i k i n g s i m i l a r i t y of the va r i a t i o n i n the two series i s 
shown i n Figure 6.1 where the reduced l a t t i c e parameters, (terminal 
values 0 and 1) are plotted together with those f o r the series 
Er (Fe , Co) 2 and Er(Fe,Ni) 2, (Ref. 6.2): Remarkably, a single 
curve can be s a t i s f a c t o r i l y drawn f o r a l l the points. I t should be 
6.1 R.C. Mansey, G.V. Raynor, and I . R. Harris, 
J. Less-Comm. Met. 337 (19^8) 
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6.3 
noted that Pe is a constituent of a l l the compounds shown i n 
Figure 6.1 and i t i s found that other series (e.g. Er (Co » N i ^ -
Ref. 6 .2) do not show the saine v a r i a t i o n though there i s some 
evidence of a common behaviour here also. The l a t t i c e parameter 
is obviously related to the electronic structure and to the details 
of the coupling mechanism and the variations w i l l be discussed 
fu r t h e r , b r i e f l y , i n Section VI.5«(a) from t h i s point of view. 
The tendency towards the formation of other phases, i n some 
of the series, does not appear to be related to the extent of the 
deviation of the l a t t i c e parameter from a d d i t i v i t y though the 
atomic volume of the intermediate phase i s , i n every case, less 
than that f o r the C15 phase and indeed shows a large negative 
deviation from a d d i t i v i t y (Fig. 6 . 2 ) . I t i s fu r t h e r surprising 
that the intermediate phase formed should be the C36 type since 
the discrimination between the Laves phases (see Section I I I . 3 . ( a ) ) 
i s thought to be on the grounds of vec and not size effects. The 
vec f o r these series of compounds are very similar and obviously 
some other mechanism i s important i n determining v/hich of the 
Laves phases should form. I t i s not clear at t h i s time what th i s 
mechanism can be. Additional pertinent facts are that ScFe0 i s the 
6.2 Mansey, R.C., et a l . , J. Less-Comm. Met. l i j . , 329 (1968) 
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6.4 
only " Rare Earth" - ir o n group compound forming i n the C36 phase 
(Ref. 6.3) and that no intermediate phases have been reported i n 
the p r a c t i c a l l y i d e n t i c a l series Er (Fe, N i ) 2 (Ref. 6.2). 
VI.2 (Dy, Y) Pe2 Series 
The data f o r the terminal compounds agree well with the 
previously published values given i n Tables 3.1 and 3.2 and, 
together with the data f o r the intermediate compositions and the 
magnetisation - temperature ( O" /T) curves, clea r l y show that these 
compounds are ferrimagnetic. 
The CT /T curves f o r the whole series have the usual form 
demonstrated i n Section I I . 3 J i n p a r t i c u l a r the curves f o r 
0.65 ^ x ^ 0.3 show a compensation point (TL-). The compound 
x = O.65 i s obviously very close to the c r i t i c a l composition shown 
i n curve (6) of Fig 2.1(c) where the magnetisation approaches zero 
with dO"/dT = 0, e f f e c t i v e l y a compensation point occurs at the 
Curie point (Tc = T k). This makes the evaluation of Tc d i f f i c u l t 
f o r obviously the previously described procedure i s inapplicable i n 
th i s case. The value of Tc reported f o r t h i s compound i n Table 5.5 
i s that obtained by the usual method and i s given a larger error 
l i m i t because of the above. Figure 5.4 c l e a r l y 3hows that t h i s 
value i s too low, as expected. 
6.3 N e v i t t , M.V. , i n P. A. Beck, ed., "Electronic Structure 
and Alloy Chem. of the Transition Elements 
Interscience (1968) 
6.5 
The f a c t that the minima i n the O" /T curves are indeed 
compensation points has been demonstrated experimentally. A 
sample of the compound x = 0.3 was attached to a thread and 
magnetised i n a strong f i e l d whilst immersed i n l i q u i d nitrogen. 
I t was then allowed to warm up while suspended i n a low f i e l d and 
observed to reverse i t s dire c t i o n suddenly at the compensation 
temperature. 
The <5" /T curves show that the c r i t i c a l composition (4) of 
Fig. 2.1 ( c ) , where the absolute saturation magnetisation i s zero 
( i . e . T^ = 0 ) , occurs between 0.3 ^  x ^ 0.24 and the saturation 
moments and coercive f i e l d s of Fig. 5.5 indicate that t h i s 
composition i s x = 0.28 ( j . 0.01). V/e w i l l term t h i s composition c 
the " equilibrium concentration 1 1 since here the ir o n and 
dysprosium sublattice moments exactly cancel. I f the component 
moments remained constant then the equilibrium concentration would 
occur at x = 0 .35 , i.e. ^ 5 - ^ / ( ^ 1 * 5 + , JYPe ^ T h i s v a l u e i s 
obtained also on the basis of Dy and Fe moments ( l ^ y a n <* l-l]?e) 
varying l i n e a r l y v/ith composition so that the experimental value 
c l e a r l y indicates that these conditions do not apply. Hence either 
l-ipy or Uj, Q, or both, must vary man-linearly v/ith x. 
Me consider f i r s t the values of these moments i n the terminal 
compounds. Here, and i n the whole of t h i s chapter, the discussion 
of the component moments should include that due to the polarisation 
6.6 
of the conduction electrons but since there i s no independent 
measure of t h i s quantity i n these results i t w i l l be assumed added 
to or depending upon i t s sign. In YFe^ the moment i s due 
e n t i r e l y to the Fe ions so that Upg = 1.40 u^ here. We have given 
evidence i n Chapter I I I that the values of i n DyNig and DyCOg 
the 
are 9.2 and 9.6 respectively and shown that/value i n DyFe^ should 
be not less than t h i s . I f we take = 9.6 i n DyFe^ then 
Upe = 2.17. We now distinguish two extreme models f o r the i n t e r -
mediate compositions; (a) UJ,q varies l i n e a r l y between these values, 
and Up i s allowed to vary non-linearly, (b) u_ = 9.6 (X, throughout 
the series and varies non-linearly. I n case (a) i s required 
to decrease through the series (with x) and at x i t s value i s i n 
c 
excess of 11.5 This i s so much greater than the fx-ee ion value 
of 10 j^-g as to be discounted, even when allowance i s made f o r 
conduction electron polarisation effects. therefore varies 
non-linearly and Figure 6,3 shows t h i s v a r i a t i o n f o r case (b). 
I n reconstructing t h i s variation the value x =0.29 has been used 
c 
since, f o r 0.28, f a l l s below i t ' s value at YFe^ I t i s probable 
that the condition = constant i s not followed and that i t 
increases s l i g h t l y with the addition of Y (decreasing x ) . This 
effect would arise from the conduction electron polarisation, which 
may be expected to decrease less slowly than the ion moment, and 
would allow to increase s l i g h t l y i n the region 0 ^ x ^ 0 . 3 
I i 
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where i t i s constant i n Pig. 6.3. 
In attempting to account f o r the varia t i o n of H-pe shown i n 
Pigure 6.3 we consider f i r s t the previous models reported i n 
Chapter I I I . Such a va r i a t i o n could be describable i n terms 
of transfer of electrons from the rare earth component to the iron 
3d s h e l l , but such an argument i s very tenuous. Even i f the 
transfer d i f f e r s f o r Dy and Y to account f o r the extremal values, 
which seems unlikely since these elements have sim i l a r electro-
n e g a t i v i t i e s , the varia t i o n through the series between these values 
must l o g i c a l l y be linear. The second model, with an induced moment 
proportional to (g-l)M, gives a l i n e a r v a r i a t i o n also. The behaviour 
i s , however, explained quite naturally i f the iron moment i s con-
sidered on a co l l e c t i v e electron model. 
The interatomic distances i n these compounds are similar to 
those i n metallic iro n and i t seems, therefore, that the 3d 
electrons i n the compounds are as l i k e l y to form a band as i n the 
element. Further a r i g i d band model seems p a r t i c u l a r l y appropriate 
f o r t h i s series due to the great s i m i l a r i t y of Dy and Y as regards 
electronegativity, outer electronic arrangements, and size. Then, 
since u^ e i s greater i n DyFe^ than i n YFe^, the d-band magnetisation 
i n the l a t t e r must be unsaturated, i.e. holes i n both spin 
directions (Section 11.5(a)). The Fermi-level f o r one spin direction 
6.8 
must therefore be held i n a region of low density of states,in 
YPe^. Then as the exchange energy i s increased by the addition 
of Dy, as reflected i n the Curie temperatures, should increase 
slowly u n t i l the Fermi-level passes through this low density of 
states region. This i s precisely the v a r i a t i o n shown i n Figure 6.3 
This model i s considered further i n l a t e r sections of t h i s chapter. 
Fi n a l l y , f o r t h i s series i t may be noted that the saturation 
moments near the equilibrium concentration do not go to zero 
(dotted curve i n Figure 5.5) and also that the O* /T curves do not 
go to zero at the compensation points. This behaviour i s to be 
expected to a small degree as a resu l t of l o c a l variations i n 
composition but the magnitude of the present e f f e c t i s rather too 
large to result from t h i s effect. For example, the measured 
saturation magnetisation f o r the composition x = 0.3 i s comparable 
with the expected value f o r x = 0.35 and. would be produced by a 
uniform composition range of approximately 0.4 < x<0.2 so that 
the var i a t i o n would have to be, i n practice, even greater than t h i s 
The behaviour may result from a non-colinear arrangement of the Dy 
and Fe moments at the compositions close to the equilibrium 
concentration, and a canted arrangement about 8° o f f a n t i p a r a l l e l 
would reproduce almost exactly the measured values. I t has been 
found (Ref. 6.4), from Mdssbauer effect measurements, that there 
6.4 Bowden, G-., Fh.D Thesis, University of Manchester, 1968 
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i s anisotropy i n the RFe^ compounds and that the easy direction 
of magnetisation i s i n the £l, 0 , oj direction f o r By Fe^ and 
£l, 1 , i j f o r YFe^. I f the easy direction i s determined by 
whether the rare earth or ir o n sublattice predominates, as appears to 
be the case (Ref. 6. then there must be a tendency towards a canted 
arrangement when these are of comparable magnitude. I t i s most 
improbable that the sublattice magnetisations would align along 
these directions exactly, since the angle between them i s about 55° 
and the anisotropy energy appears to be quite small, as deduced 
from the magnetisation curves, compared with the exchange energy 
between the sublattices. An angle of less than 10° however would 
not seem to be impossible. 
At the compensation points the same anisotropy effects may 
occur to account f o r the magnetisations observed. Some additional 
rather tenuous evidence has been collected f o r t h i s case. 
Measurements were made of the remanent magnetisation on passing 
through the T^ . and compared with the values obtained at constant 
temperature above T^ . Now the magnetometer measures magnetisation 
i n a single direction so that i f the easy axis changes i n passing 
through Tg. then the value measured i n the f i r s t case i s the 
component i n the direction of the f i r s t easy axis. The value 
obtained at constant temperature above T^ i s the component i n the 
direction of the second easy axis. Thus the angle between these 
two directions was obtained and found to be almost exactly that 
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given above f o r the direction between [l,0,0,^j and |_1j1>{} • 
This correspondence i s almost certainly fortuitous since the 
remanent magnetisation must be considerably influenced by the 
magnetostatic energy on passing through T^ . The direction of the 
easy axis i n the region of T„ may be revealed by Mos:sbauer work but 
the p o s s i b i l i t y of a canted arrangement near the equilibrium 
concentration must await neutron d i f f r a c t i o n study. 
VI.3 Y(Fe,Co)2 Series 
The data presented f o r the terminal compounds i n this series 
are again i n good agreement with the previously published values 
(Table 3.1 and 3.2). The compound YCOg, about which there has been 
uncertainty (Table 3.2), has consistently shown the magnetic 
behaviour reported here, as prepared on several separate occasions. 
The vari a t i o n of the moment through the series (Figure 5.7) 
again seems to preclude a simple localised description where the 
moment i s determined by the occupation of discrete 3d o r b i t a l s , 
s 
since i n that case i t must pre/umably vary l i n e a r l y between the 
terminal values. The v a r i a t i o n can be readily interpreted, 
however, within the framework of the r i g i d band model of the l a s t 
section. 
Again throughout t h i s discussion we ignore conduction 
electron polarisations and, since we have no measure, assume that 
the g values f o r the Fe and Go ions are both 2.0, i.e. the moment 
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results from spin only and the number of electrons (holes) i n 
the band i s given d i r e c t l y by the Bohr magneton number. This i s 
almost cer t a i n l y an incorrect assumption, but the g values should 
not be too f a r d i f f e r e n t from 2.0 and not appreciably dependent on 
composition so that the following analysis should not be greatly 
affected when the correct values are included. 
Assuming, i n l i n e with the discussion of Section VI.2, that 
there i s a minimum i n the density of states f o r YFeg and, furt h e r , 
that this minimum i s at the Fermi l e v e l i n the spin-down ( 4 ) sub-
band, then as electrons are added to the band by substitution of Co 
the moment should increase. This occurs because the " paramagnetic" 
Fermi l e v e l ( J ) moves av/ay from the minimum, so that when the 
Fermi l e v e l , under the influence of the exchange int e r a c t i o n , again 
reaches this minimum, the difference between the spin-up ( t ) and i 
levels i s greater. This i s shown schematically i n Figure 6.4. 
Under the conditions shown i n t h i s f i g u r e , where the <lr Fermi 
l e v e l remains at the same position, the moment obviously increases 
at a rate corresponding to the addition of one electron/atom. This 
i s shown by the dotted l i n e i n Figure 5.7. After the t Fermi 
l e v e l reaches the top of the band the moment must decrease due to 
the f i l l i n g of the i sub-band. The dashed l i n e i n Figure 5.7 
represents the approximate position of the top of the band, taken 
6.11a. 
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to be l i n e a r between the two extreme values which have been 
placed as explained l a t e r (Section VI.3(a)). At the cobalt-rich 
end of the series the moment f a l l s below the saturation value, 
given by this dashed l i n e , as a r e s u l t of the reduced exchange 
energy which i s indicated by the f a l l i n g Curie temperatures 
(Figure 5.6); i.e. the I Fermi l e v e l moves to the r i g h t i n 
Figure 6.4. 
At the i r o n - r i c h end of the series i t should be noted that 
although the Curie temperature increases v/ith increasing Co 
concentration (Figure 5.6) the 4 Fermi l e v e l does not pass 
through the minimum, i.e. the moment does not go above the dotted 
l i n e i n Figure 5.7. Indeed, near the 67 atomic fo Fe compound, the 
Fermi l e v e l does not reach the minimum even though t h i s compound 
has the highest Curie temperature of those measured. I t i s evident 
therefore that the t density of states decreases considerably as 
the top of the band i s approached so that near YFe^ the density at 
the t Fermi l e v e l i s almost equal to that at the 4r l e v e l , i.e. 
at the minimum. Y/e can say further that t h i s minimum must be very-
sharp on the lower side since a r e l a t i v e l y small increase i n the 
exchange energy (Curie temperature) i n the series (Dy, Y) Fe^ i s 
s u f f i c i e n t to allow the Fermi l e v e l to pass through t h i s region. 
The o r i g i n of the v a r i a t i o n of the Curie temperature (Fig. 5.6) 
through the series i s obscure. I n the RCo„ compounds, reported 
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Curie temperatures are much lower than those f o r the corres-
ponding RFe^ compounds (see Table 3.2) but i n the present case 
as Co i s substituted f o r Fe the Curie temperature i n i t i a l l y 
increases. This effe c t w i l l c l e a r l y arise from the details of 
the coupling mechanism i n these compounds and may be related 
to the changes i n l a t t i c e parameter: Figures 5.2 and 5.6 show 
that the region U > 1.3 i s anomalous f o r both properties. 
The two step magnetisation-temperature curves found f o r some 
compositions (Figures 5.23 and 5.24) have been observed i n some 
RCOg compounds (see Section 111.3(c)). There i s evidence i n 
the present compounds that the step i s reduced i n higher f i e l d s 
(Fig. 5.24) suggesting that i t may not be a property of the 
spontaneous magnetisation but may arise from a variation i n the 
raagnetocrystalline anisotropy energy. This view i s supported by 
the difference i n magnetic hardness above and below the step 
( i n Fig. 5« 24 the curves are r e l a t i v e l y more widely spaced at 
higher temperatures) and by the f i e l d dependence of the step 
temperature. Further these compounds are d i f f i c u l t to saturate 
at low temperatures (Table 5.6) as are the compounds which exhibit 
an i n i t i a l increase i n the magnetisation-temperature curve 
(u = 0 and 0.59). This l a t t e r e f f e c t probably results from 
anisotropy variation also. Some preliminary work on the 
polycrystalline magnetostriction i n these compounds shows that 
there i s a negative l i n e a r magnetostriction below the temperature 
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of the step v/hich disappears above t h i s temperature. 
VI.5(a) P o s i t i o n o f Band Top 
The d-band top (dashed l i n e i n Figure 5 . 7 ) i s placed between 
2 . 1 holes/atom f o r YPe^ and 1.1 holes/atom f o r YCo^ f o r the f o l l o w -
i n g reasons. Oesterreicher and Wallace (Ref. 6 . 5 ) have shown, i n t h 
system Gd Co^ t Gd A l , t h a t the Co moment decreased w i t h i n c r e a s i n g 
A l concentration and ex t r a p o l a t e d t o zero a t 36 mole fa Gd A l 9 . 
This r e s u l t i n d i c a t e s t h a t the 3 electrons/atom from A l enter the 
d-band and t h a t 1.08 electrons/atom are s u f f i c i e n t to f i l l t h i s 
band. These authors showed also t h a t the C15 t e r m i n a l phase was 
unstable and t h a t the C14 phase was stable f o r the compositions 
49-73 mole % Gd Al^. On the basis of the above model the valence 
e l e c t r o n c o n c e n t r a t i o n corresponding t o these compositions ai-e 
I . 6 4 and 2.23 electrons/atom which are i n reasonable agreement 
w i t h the values obtained w i t h other Laves phases (see Section 
111 . 3(a)) of 1.80 and 2 . 3 2 . This seems t o e s t a b l i s h f a i r l y w e l l 
t h a t 1.1 holes/atom i s the c o r r e c t value f o r Gd Co^ and t h i s indeed 
corresponds w i t h the maximum moments found on Co i n the RCo^ 
compounds (see Section I I I . 3 ( o ) ) . There i s no good reason f o r 
0 .5 H. Oesterreicher and ¥/. E. Wallace; J. Less-Comm. 
Met. J £ , 9 1 , ( 1 9 6 7 ) 
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b e l i e v i n g t h a t the value i n YCo^ i s d i f f e r e n t . 
Oesterreicher and Wallace considered also the Gd Fe^ -
Gd A l ^ system, where they found t h a t the Fe moment ex t r a p o l a t e d 
t o zero a t about 90 mole % Gd A l ^ and t h a t the intermediate phase 
was s t a b l e between 27 and 67 mole %. They suggested t h a t the Fe 
d-band i s again f i l l e d by A l . However, the above values then give 
about 2.7 holes/atom i n the d - s h e l l and 1.19 and 1.99 as the 
c r i t i c a l vec. The present author believes t h a t t h i s i n t e r p r e t a t i o n 
i s i n c o r r e c t since the hole number seems l a r g e and the vec are 
i n c o n s i s t e n t w i t h the previous values f o r the phase s t a b i l i t y . 
T h e i r data may be analysed f a r more s a t i s f a c t o r i l y on the assump-
t i o n t h a t the conduction electrons from aluminium do not eneter the 
d-band f o r the Fe compounds. Yfe ignore the moment e x t r a p o l a t i o n , 
which f o r the s e r i e s under discussion i s dubious i n any case since 
one o f the three values i s obtained f o r a compound i n the i n t e r -
mediate phase, n o t i n g t h a t a r e d u c t i o n i s expected on the r i g i d 
band model since the Curie temperature f a l l s . Then, t a k i n g 2.1 
holes/atom i n the d-band f o r the Fe compounds, and thus 0.1 
conduction " s " electrons/atom, the c r i t i c a l vec are 1.59 and 2.36 
i n f a r b e t t e r agreement w i t h the previous values. The value of 
2.1 holes/atom i s i n agreement w i t h the maximum moments found i n 
the RFe compounds (Section 111.3(d)) and w i t h the value suggested 
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(Ref. 6 . 6 ) from the paramagnetic moment of YFe^ and i s , o f course, 
I hole/atom l a r g e r than f o r Co which i s i n t u i t i v e l y expected. 
I t may be noted t h a t the two opposite behaviours suggested f o r 
the e f f e c t of A l s u b s t i t u t i o n occur f o r the elemental I r o n group 
metals ( f o r review see Ref. 6 . 7 ) . 
V I . 3 . ( b ) C a l c u l a t i o n o f N(E) 
Some q u a l i t a t i v e d e t a i l s have been proposed i n t h i s chapter 
f o r the 3 d band s t r u c t u r e o f the compounds under discussion. 
These are t h a t there i s a minimum near the p o s i t i o n o f the 
Permi l e v e l f o r YFe^ and t h a t the magnitudes of the de n s i t y of 
states a t the Fermi l e v e l f o r t h i s compound i n both sub-bands 
are s i m i l a r . I n the present sub-section a s e m i - q u a n t i t a t i v e 
c a l c u l a t i o n of the de n s i t y of s t a t e s , from the previous r e s u l t s , 
i s given. 
Taking the r e s u l t s of the previous sub-section f o r the number 
of holes i n the d-band f o r YFe^ and YCo^ the p o s i t i o n s of the 
II paramagnetic " ( t ) Fermi l e v e l s f o r a l l the compounds were 
evaluated. Then the t and ^ Fermi l i m i t s were evaluated from 
6 . 6 Marei, S.A. , e t . a l , J. Less-Comm. Met. 13 .391 . ( 1 9 6 7 ) 
6 . 7 Mott, N.F, Advanc. Phys. 1 ^ , 325 (1964) 
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the measured moments. For example f o r YFe^, (moment = 
1.40 (ij^Fe atom and, i n each sub-band, $ = 1.05 holes from the 
band top) the t l i m i t i s 0 . 3 5 (= 1.05 - 0.70) and the V l i m i t 
i s 1.75 holes from the top. The average d e n s i t y of states was 
then evaluated from the elementary r i g i d band theory w i t h some 
assumptions, as under. 
The c o n d i t i o n f o r an e q u i l i b r i u m o f the type shown i n Fig. 
6 . 4 t o e x i s t i s , from Eqn. 2 . 6 , l n W = AE = f — E p * ' 
Now W must be r e l a t e d t o the ordering temperature and we 
assume}W = B Tc where B i s a constant. The AE values f o r each 
of the n t and n 1 l i m i t s were thus c a l c u l a t e d and. the average 
density o f states n/AE evaluated f o r these l i m i t s f o r each com-
pound. The average density was then evaluated over smaller 
regions from these values. The r e s u l t i n g histogram i s shown i n 
Figure 6 .5 where the o r d i n a t e i s the usual d e n s i t y o f states i n 
u n i t s of 1/1O^B, and the abscissa i s hoies/atom/sub-band. On 
t h i s f i g u r e the region t o the r i g h t of n = 1 .750 i s evaluated from 
the series Y (Fe, Co)^. The region t o the l e f t i s u n c e r t a i n due 
to the u n c e r t a i n t y i n evaluating the Fe moment i n the series 
(Dy, Y) Fe^. I n t h i s l a t t e r r egion the f u l l l i n e gives the value 
obtained using Dy^g r e s u l ' t s alone and the broken l i n e i n d i c a t e s 
how t h i s i s m o d i f i e d when a f u r t h e r value i s used (O . 6 5 ) . 
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Obviously there i s more f i n e d e t a i l i n t h i s region but the 
histogram gives some j u s t i f i c a t i o n f o r the previous q u a l i t a t i v e 
discussion. 
VI.k. Other Series 
The magnetic data presented f o r the series R(Fe, N i ^ are 
per f u n c t o r y since, as already explained, these series contain multiphase 
components. We may note, however, f i r s t l y , t h a t the phases appeared 
t o have separate o r d e r i n g temperatures as there was some ferromagnetic 
behaviour above the apparent Curie p o i n t . Thus the i m p u r i t y phase 
appeal's t o have a higher Curie p o i n t than the C15 phase. Secondly, 
the s a t u r a t i o n moments f o r the Dy series are below and, f o r the Y 
s e r i e s , above the values obtained by l i n e a r i n t e r p o l a t i o n between 
the t e r m i n a l compounds. This behaviour i s i n q u a l i t a t i v e agreement 
w i t h the previous model. 
V I . 5. General Considerations on the Model 
V I . 5 (a) Nature o f the Moments and Coupling Mechanisms 
The model presented above i s not intended t o imply t h a t the d 
electrons are n e c e s s a r i l y i t i n e r a n t i n the sense o f being 
u n i f o r m l y d i s t r i b u t e d i n the m a t e r i a l . I t should be considered as 
a method o f determining the energetics o f the whole system w i t h the 
p o s s i b i l i t y o f s p a t i a l l o c a l i s a t i o n . Indeed i t i s probable t h a t 
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the moment c a r r y i n g electrons are l o c a l i s e d on to each atom i n 
the sense of the Anderson model (Section 1 1 . 5 ( c ) ) . Relevant f a c t s 
supporting t h i s view are t h a t neutron d i f f r a c t i o n r e s u l t s on these 
compounds (see references i n Chapter I I I ) have been s a t i s f a c t o r i l y 
i n t e r p r e t e d on the basis o f " l o c a l i s e d " form f a c t o r s , and i n 
our discussion (Section VI.3 ( a ) ) of the vec the d electrons were 
s p e c i f i c a l l y excluded from the c a l c u l a t i o n s of c r i t i c a l values w i t h 
good r e s u l t s . 
The discussion of the d e v i a t i o n o f the l a t t i c e parameters 
from Vegards Law (Section V I . 1 ) may be extended i n the present 
context. I t i s evident i n a l l the series presented t h a t the 
d e v i a t i o n i s g r e a t e s t f o r those compositions where the d-band 
magnetisation i s greatest. This suggests t h a t the moment c a r r y i n g 
electrons are l o c a l i s e d on the atoms and t h a t the magnetic 
c o n t r i b u t i o n t o the b i n d i n g energy i s negative. This l a t t e r 
e f f e c t has been noted as an expansion on passing down through the 
Curie p o i n t of &d Co 2 (Ref. 6 . 2 ) . 
The coupling mechanism f o r these compounds envisaged i n the 
present model i s a combination of the coupling of the Anderson 
moments by overlap of the " halos 11 of charge (Section 11.5(c)) 
and the R-Pi-K-Y i n t e r a c t i o n (Section I I . 6 ( a l ) between the l+f 
electrons and the conduction electrons. Thus there are three 
d i s t i n g u i s h a b l e i n t e r a c t i o n s ; 
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( i ) the R-K-K-Y s-f i n t e r a c t i o n coupling the R. E. 
ions. 
( i i ) the coupling o f the Anderson moments on the 
t r a n s i t i o n metal ions 
and ( i i i ) the coupling between the R. E. and t r a n s i t i o n 
metal ions both v i a the conduction electrons 
( f - s - d ) and by overlap of the Anderson moments 
and the l+£ moments. 
I n the Ni series obviously only ( i ) i s operative so t h a t the 
orde r i n g temperatures (<80°K.) give the magnitude of t h i s e f f e c t . 
I n the Fe series on the other hand the i n t e r a c t i o n ( i i ) predominates 
(YFe^ — 550°K) w h i l e ( i ) and ( i i i ) appear t o be of s i m i l a r 
magnitude. I n the Co series a l l three i n t e r a c t i o n s are o f com-
parable magnitude. 
V I . 5 (b) The RNi 2 Compounds 
The absence o f a moment on Ni i n these compounds (Section 
111.3(a)) has p r e v i o u s l y been taken as evidence t h a t i t i s i n the 
10 
3d s t a t e . On the present model Ni has zero moment because the 
dens i t y of states i s low so t h a t the c o n d i t i o n f o r ferromagnetism 
(Equation 2.5) i s not met. With reference t o the density of s t a t e s 
shown i n Figure 6.5, i f the $ Fermi l e v e l f o r the Ni compounds i s 
i n the region 0 - 0 . 3 holes/atom/sub-band then an exchange i n t e r -
a c t i o n ~ 10"^  °K i s re q u i r e d t o produce a moment. 
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V I . 5 ( c ) The R Co 2 Compounds 
We wish t o show here t h a t some o f the anomalies i n these 
compounds (Section 111.3(c)) may be understood on the present r i g i d 
band model. The basic problem i s whether the Curie temperature f o r 
YCOg reported here, and p r e v i o u s l y , i s c o r r e c t and, i f i t i s , whether 
those f o r the compounds w i t h a magnetic R component are lower than 
t h i s , as reported. 
We assume i n the f o l l o w i n g t h a t the behaviour reported here 
f o r YCo2 i s c o r r e c t . Then the small moment on Co here r e s u l t s 
from the i n t e r a c t i o n o f type ( i i ) above ( i . e . d-d coupling) and 
should remain i n the other compounds. Where R i s magnetic, 
however, the type ( i i i ) i n t e r a c t i o n ( f - d coupling) should act t o 
increase the Co moment. This behaviour i s observed i n the pseudo-
b i n a r y series (Gd, Y) Cog (Section 111.3(e)) and can account f o r 
the v a r i a t i o n o f the Co moment i n the d i f f e r e n t R Cog oompounds. 
Considering the temperature v a r i a t i o n of the magnetisation, as 
the R s u b l a t t i c e uncouples w i t h i n c r e a s i n g temperature , ". the Co 
moment w i l l be reduced through the f - d coupling. The decreased 
Co moment w i l l thus e f f e c t a r e d u c t i o n i n the s p o l a r i s a t i o n and 
so i n the s-f i n t e r a c t i o n . This may r e s u l t i n a c a t a s t r o p h i c 
r e d u c t i o n of the magnetisation, as i s observed f o r example i n 
Ho Co,, (Section I I I . 3 ( c ) ) . The temperature of t h i s sharp r e d u c t i o n 
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has p r e v i o u s l y been taken as the Curie temperature. However, 
above t h i s temperature a Co s u b l a t t i o e moment should p e r s i s t a t a 
value roughly equivalent t o t h a t f o r YCOg and thus p o s s i b l y a moment 
on the R s u b l a t t i c e through the d-s-f i n t e r a c t i o n . A moment of the 
r e q u i r e d magnitude occurs i n the published r e s u l t s f o r some o f these 
compounds, above t h i s c r i t i c a l temperature, and the type o f R sub-
l a t t i c e magnetisation/temperature behaviour envisaged i s s i m i l a r t o 
t h a t found i n TmFe_ by Cohen (see Section I I I . 3 (d.)) and i n DyFe. 
by Bowden (Ref. 6.4). 
This behaviour would account f o r the f i e l d dependence and 
temperature h y s t e r e s i s of t h i s apparent Curie p o i n t and the meta-
magnetism, deviations from Curie-Weiss behaviour, and compensation 
po i n t s observed i n some cases above t h i s temperature (Section 
111.3(c)). F i n a l l y these c r i t i c a l temperatures would be 
p r o p o r t i o n a l t o the de Gennes f u n c t i o n as observed (Section 
I I I . 3 ( o ) ) . 
VI.5 (d) The R Fe 2 Compounds 
The model has been developed mainly from the compounds DyFe,. 
and YFe 2 but should be a p p l i c a b l e to a l l the RFe?. I n p a r t i c u l a r , 
assuming t h a t the band s t r u c t u r e i s s i m i l a r f o r a l l the compounds, 
the Fe moment i n each compound w i l l be determined by the magnitude 
of the exchange energy. I f we again take t h i s , crudely, as 
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p r o p o r t i o n a l t o T Q there should be a u n i v e r s a l v a r i a t i o n of Fe 
moment (Hj. e) w i t h Curie temperature ( T q ) . This i s shown i n 
Figure 6 . 6 where the s o l i d l i n e i s obtained from the series 
(Dy, Y) Fe^ and the maximum moment i s taken again as 2 . 1 
atom. 
Taking the T and Msat. values f o r several compounds from c 
Table 3 . 2 the values may be obtained from t h i s curve and thus 
the e f f e c t i v e R moment ( u R ) evaluated. These are shown i n Table 6 . 1 
together w i t h the g j values. 
Table 6 . 1 
R OA Tb Ho Er Tm Lu 
^R 7 . 6 8 .2 8 . 6 ; 9 . 3 7 . 9 6 . 0 ; 6 . 5 - 0 . 4 
7 9 10 9 7 0 
Considering the v a r i a t i o n s i n the published values the agreement i s 
s a t i s f a c t o r y . 
As noted already (Section I I I . 3 ( d ) ) , Ce Fe 2 i s anomalous, 
having T and u p lower than those f o r YFe . However, since i n 
t h i s compound the Ce i o n i s almost c e r t a i n l y i n the 4 + s t a t e 
(see Section I I I . 3 ) , "the 3 d and conduction bands must contain one 
electron/atom more than f o r the other RFe compounds. The measured 
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moment can obviously be explained q u a l i t a t i v e l y on the present 
model but a q u a n t i t a t i v e explanation i s not possible since the 
f r a c t i o n of t h i s one electron/atoms a c t u a l l y e n t e r i n g the d-band, 
and thus the p o s i t i o n of the t Fermi l e v e l , i s unknown. 
F i n a l l y we note t h a t the hypothesis of an i t i n e r a n t r a t h e r 
than s t r i c t l y l o c a l i s e d moment i n the RX,, compounds i s supported 
by the measured paramagnetic moments. Few measurements are a v a i l a b l e 
a t present but those t h a t are show t h a t the paramagnetic moment i s 
i n v a r i a b l y greater than the s a t u r a t i o n moment i n the ferromagnetic 
r e g i o n (Ref. 6 . 6 and 6 . 7 ) . This behaviour i s expected on the 
i t i n e r a n t model (Ref. 6 . 8 ) . 
6 . 7 F a r r e l l , J., Ph.D Thesis, U n i v e r s i t y of P i t t s b u r g h ( 1 9 6 4 ) 
6 . 8 Rhodes P., and Wbhlfarth, E. P. , Proc. Phys. Soc.(A) 
2 Q , 2 4 7 , ( 1 9 6 3 ) 
7.1 
CHAPTER V I I SUMMARY 
This work has presented r e s u l t s f o r several pseudobinary 
s e r i e s of the i n t e r m e t a l l i c compounds RXg which, t o g e t h e r w i t h the 
model proposed, resolve many of the previous d i f f i c u l t i e s of 
i n t e r p r e t a t i o n of the p r o p e r t i e s of these m a t e r i a l s . The f e r r i -
magnetic nature o f the compounds has been c l e a r l y demonstrated i n 
the r e s u l t s f o r the se r i e s (DyjYjFegJ several components e x h i b i t e d 
compensation points and the s a t u r a t i o n moments i n d i c a t e d the 
presence of an e q u i l i b r i u m concentration. The moments c a r r i e d by 
the Fe and Co components could not be r e c o n c i l e d w i t h i n the e x i s t i n g 
models b u t were adequately accounted f o r on a r i g i d band model f o r 
the 3^ el e c t r o n s . I t was on the basis of t h i s model t h a t a u n i f i e d 
account of the moments c a r r i e d by the X components i n a l l the RX^  
compounds was presented. The anomalous temperature - magnetisation 
behaviour of some compounds was also explained on t h i s model together 
w i t h the p o s s i b i l i t y of anisotropy e f f e c t s . An elementary density o f 
states histogram f o r the d-band was t e n t a t i v e l y presented from the 
experimental measurements, but i t was suggested t h a t these electrons 
are not nece s s a r i l y s p a t i a l l y i t i n e r a n t . 
The problem o f the v a r i a t i o n of the l a t t i c e parameters through 
these s e r i e s remains unsolved, though a considerable u n i f o r m i t y i n 
7.2 
the v a r i a t i o n has been demonstrated and a possible connection 
between the l a t t i c e parameter and magnetic moment suggested. 
S i m i l a r l y the reason f o r the existence of m u l t i p l e phases a t some 
compositions remains e s s e n t i a l l y obscure. 
( K i ) 
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